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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2Institut für Theoretische Physik III, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany.
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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of phonon-mediated coupling of single electrons, and applications
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and rotons2, the creation and study of vortex lattices by impurities3,
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liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
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to bound diatomic molecules11,12.
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the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.

6 6 4 | N A T U R E | V O L 5 0 2 | 3 1 O C T O B E R 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

n=202

n=110



Rydberg-BEC interactions

LETTER
doi:10.1038/nature12592

Coupling a single electron to a Bose–Einstein condensate
Jonathan B. Balewski1, Alexander T. Krupp1, Anita Gaj1, David Peter2, Hans Peter Büchler2, Robert Löw1, Sebastian Hofferberth1
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a
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d r{Rð Þ ð1Þ
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g2D|�(R)|2

+

NimpX

n

V0| (R� xn)|2
◆
�(R), (1)

where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].

(I) Tracking of mobile Rydberg atoms in a BEC
Outline

S. Tiwari and S. Wüster, 
PRA 99 043616 (2019)

(III) Decoherence of Rydberg qubits in a BEC

(II) BEC response to Rydberg insertion
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2Institut für Theoretische Physik III, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany.

0 1 2 3 4 5
–105

–104

–103

–102

Radius, r  (μm) 

P
ot

en
tia

l e
ne

rg
y,

 V
 (H

z)
 

110S
202S

Rb+

b

Distance (μm)
Distance (μm)

110S

202S

rB(110S)

a

–20

–20
–10

10

20

0
–10

10

20

0

μ

ζ

Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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Observation of ultralong-range Rydberg molecules
Vera Bendkowsky1, Björn Butscher1, Johannes Nipper1, James P. Shaffer1,2, Robert Löw1 & Tilman Pfau1

Rydberg atoms have an electron in a state with a very high principal
quantum number, and as a result can exhibit unusually long-range
interactions. One example is the bonding of two such atoms by
multipole forces to form Rydberg–Rydberg molecules with very
large internuclear distances1–3. Notably, bonding interactions can
also arise from the low-energy scattering of aRydberg electronwith
negative scattering length from a ground-state atom4,5. In this case,
the scattering-induced attractive interaction binds the ground-
state atom to the Rydberg atom at a well-localized position within
the Rydberg electron wavefunction and thereby yields giant mole-
cules that can have internuclear separations of several thousand
Bohr radii6–8. Here we report the spectroscopic characterization
of such exoticmolecular states formedby rubidiumRydberg atoms
that are in the spherically symmetric s state and have principal
quantum numbers, n, between 34 and 40. We find that the spectra
of the vibrational ground state and of the first excited state of the
Rydberg molecule, the rubidium dimer Rb(5s)–Rb(ns), agree well
with simple model predictions. The data allow us to extract the
s-wave scattering length for scattering between the Rydberg elec-
tron and the ground-state atom, Rb(5s), in the low-energy regime
(kinetic energy,,100meV), and to determine the lifetimes and the
polarizabilities of the Rydberg molecules. Given our successful
characterization of s-wave boundRydberg states,we anticipate that
p-wave bound states9, trimer states10 and bound states involving
a Rydberg electron with large angular momentum—so-called
trilobite molecules5—will also be realized and directly probed in
the near future.

In 1934, Fermi introduced the ideas of scattering length and pseu-
dopotential to describe the scattering of a low-energy electron from a
neutral atom4. Although the polarization potential for electron–atom
interaction is always attractive, he realized that quantum mechanical
s-wave scattering can give rise to either a positive or a negative scatter-
ing lengthdepending on the relative phase between the ingoing and the
scattered electron waves. Taking this idea farther, Greene et al.5

predicted a novel molecular binding mechanism arising from a low-
energyRydberg electron scattering froman atomwith negative scatter-
ing length.

Fermi’s approach to characterizing the binding interaction that
arises from scattering of a Rydberg electron from a ground-state
atom requires that the binding energy (in frequency units) be smaller
than the Kepler frequency of the Rydberg electron, and that the size of
the electron wavefunction, / n2, be much larger than the range of
interaction, r (which in units of the Bohr radius (a0< 0.529 Å) is
given by r5

ffiffiffi
a

p
(ref. 11), where a is the polarizability of the

ground-state atom). Averaged over many scattering events and
weighted with the local electron density, jYn,l,mj2, the approach effec-
tively leads to a mean-field potential, VMF, between the scattering
partners. If R is the position of the ground-state atom relative to the
ionic core of the Rydberg atom, then the potential is given by

VMF(R)~2pa(k(R))jYn,l,m(R)j2 ð1Þ

and can, depending on the scattering length, a(k(R)), be repulsive
(a. 0) or attractive (a, 0)12. Evidence for these molecular potential
curves was found in theoretical work on alkali/rare-gas scattering13,14

as well as in spectroscopic data of rubidium at high temperatures,
where inhomogeneous line broadenings were observed for low prin-
cipal quantum numbers15.

In a semi-classical approximation, the scattering length is a func-
tion of the relative momentum, k(R), of the two scattering partners.
This k dependence can be expressed as

a(k)~aatomz
p

3
akzO(k2) ð2Þ

where aatom is the zero-energy scattering length12,16. The scattering
length depends on R because the momentum, k, of the Rydberg
electron changes with its position in the Coulomb potential of the
nucleus. Owing to the correspondence principle for large principal
quantum numbers, n, a reasonable ansatz for k(R) (whereR5 jRj) is
the classical equation given in ref. 5:

k2(R)

2
~{

1

2n2
z

1

R
ð3Þ

Our focus in this study is on rubidium in its simplest Rydberg state, the
s state (angular quantum number, l5 0). Figure 1 shows the mean-
field potential given by equation (1) and the electron probability
density calculated for the 87Rb(35s) state. (The densities were calcu-
lated using Numerov’s method, including quantum defect correc-
tions17,18. Energy levels and wavefunctions of the molecular potential
were computed using a numerical solver19.) The molecular potential,

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2University of Oklahoma, Homer L. Dodge Department of Physics and Astronomy,
Norman, Oklahoma 73072, USA.
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Figure 1 | Electron probability density and molecular potential for the 35s
state. The surface plot shows the spherically symmetric density distribution
of the Rydberg electron in theR–Q plane, (R/2p) |Y35,0,0(R) | 2. Themolecular
potential for the state 3S(5s–35s) (green) is modelled for a polarizability
a5 319 a.u. and a scattering length aRb5218.5a0. Not shown is the
repulsive part of the potential forR, 500a0 that results from a zero crossing
in the scattering length a(k(R)) at approximately 500a0. The potential
supports two vibrational bound states (wavefunctions given in blue) in the
outermost potential wells atR5 1,900a0 with binding energies (in frequency
units) of EB(v5 0)5223.4MHz and EB(v5 1)5210.6MHz.
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Dobrek et al. PRA 60 (1999) R3381, 
R. Mukherjee et al. PRL 115 (2015) 040401.
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be a coherent coupling with Rabi frequency ⌦(t) and de-
tuning � between | g i and | r i.

We write the system Hamiltonian Ĥtot = Ĥ0+Ĥdress+

Ĥint, using the notation �̂
(n)
kk0 = | k ih k0 |, where k, k

0

2 {g, r, R} and �̂
(n) acts on atom n only:

Ĥ0 =
NX

n=1

⇥
� ~2r2

rn/(2M) +W (Rn)�̂
(n)
gg

⇤
,

Ĥdress =
NX

n=1

⇥
⌦(t)�̂(n)

gr /2 + h.c.���̂
(n)
rr

⇤
,

Ĥint =
X

a,b2{g,r,R}

NX

nl=1

Vab(rnl)�̂
(n)
aa �̂

(l)
bb . (1)

Ground state atoms may experience an external trap-
ping potential W (Rn) and the Rabi coupling is far o↵-
resonant, so that ↵ = ⌦(t)/(2�), |↵| ⌧ 1. Defining rnl =
|Rn � Rl|, we take van-der-Waals interactions between

two Rydberg atoms in states a, b as Vab(r) = C
(ab)
6 /r

6

for simplicity. Between ground state atoms we assume
the usual contact interaction Vgg(r) = g�(r), where
g = 4⇡~2as/M with atom-atom s-wave scattering length
as. Finally, ground state and Rydberg atoms interact via
Fermi pseudo potentials Vg,r/R(r) = V0| ⌫/⌫0(r)|2 with
V0 = 2⇡~2ae/me [28], electron mass me, electron-atom
scattering length ae [29] and Rydberg orbital wave func-
tion  ⌫/⌫0(r). Our examples will be based on 87Rb with
as = 104a0 and ae = �16.05a0, where a0 is the Bohr
radius.

We have not included light-coupling to the state |R i,
assuming Nimp of the N atoms have been pre-prepared
as impurities in state |R i at locations {xn} ⇢ {Rn}.
This can involve selective optical access [30–32], exploit
blockade e↵ects [27, 33–41] or rely on condensate density
dependent energy shifts [15, 22]. Here we assume impuri-
ties are the same species as condensate atoms, but other
species are also possible. Interactions VRR between two
Rydberg impurities are important in this stage of impu-
rity placement but can subsequently be neglected.

The light-coupling in Ĥdress will cause long-range inter-
actions for all atoms, which would otherwise be present
only among Rydberg excited atoms (| r i, |R i). We de-
termine these interactions using fourth order perturba-
tion theory in ⌦(t), calculating the energy shift �EgR

of the state | 0 i = |gR i where the Nimp atoms at lo-
cations xn are in |R i and the other N̄ = N � Nimp

atoms in | g i. We obtain �EgR = ↵
2
E(2) + ↵

4
E(4),

where E(2) = �
PN̄

n (1 �
PNimp

m VrR(|rn � xm|)/�)�1.
We find E(4) in comparison negligible, see [42].

In this article, impurities will only a↵ect dynamics for
very short times, such that their motion can be assumed
frozen in space [43], and they also do not undergo state
changes. Then, using arguments as in [6] we merge the
e↵ective interactions obtained through the laser dressing

with the direct interactions between atoms contained in
(1) (VgR, Vgg) to arrive at the following e↵ective Gross-
Pitaevskii equation (GPE) for the dressed and condensed
ground-state atoms in the presence of Rydberg impuri-
ties:

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g|�(R)|2

+


U

(2)
e↵ (R, {xm}, t) +

NimpX

m

V0| (|R� xm|)|2
�◆

�(R).

(2)

We define U
(2)
e↵ (|R� xm|, t) = ↵

2(t)E(2)(R, {xm}).
Here the presence of a few impurity atoms that are

fully in a Rydberg state causes strong, long-range inter-
actions with the remaining atoms, which can be treated
as external single body potential for the condensate. The
corresponding terms in (2) are in square brackets and will
be the central tool of the present work. Note that the
dominant part E(2) is orders of magnitude larger than the
dressed interaction between condensate atoms, causing
quite di↵erent physics than the latter [6]. The induced

potentials are sketched in Fig. 1 (a) as red line (U (2)
e↵ , us-

ing signs VrR/� < 0) and blue line (| (|R� x|)|2) for a
single impurity at the centre of the cloud (x = 0). Either
potential is associated with an important length scale.
The plateau of the dressing induced potential extends to

the critical radius rc = (C(rR)
6 /|�|)1/6, which also sets

the width of the region of potential drop. The extent of
the direct interaction potential VgR is the radius of the
Rydberg electron orbital  ⌫0 of the impurity, r0 ⇡ a0⌫

02

with a0 the Bohr radius. In this article we focus on pa-
rameters for wich rc > r0 and the molecular resonances
are avoided [44–46]. While approximately included in
our solutions of Eq. (2) [47], the direct interactions VgR

then play a minor role.
Our applications of Eq. (2) to phase-imprinting involve

two dynamical stages: In a first short stage (t ⇠ 10µs),
the condensate acquires a dynamical phase �(R) !
exp [i'(R)]�(R) with '(R) = �U

(2)
e↵ (R, {xm})⌧imp.

Timescale and strength of U (2)
e↵ are such that other ener-

gies can be neglected. Only in this stage are dressed inter-
actions enabled though Ĥdress. In a much longer second
stage (t ⇠ 10ms), the condensate evolves according to
the usual GPE, and the initially imprinted phase profile
is typically transformed into condensate flow and/or den-
sity variations. We consider two examples, highlighting
the strengths of Rydberg phase imprinting: Transferring
entanglement from a Rydberg system onto a BEC, and
inferring the geometry of a collection of Rydberg impu-
rities in a cold gas.
Entanglement transfer: We first consider a one-
dimensional arrangement of a BEC bright soliton (see
Ref. [48, 49] and references therein) with N̄ = 2000
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Shiva Kant Tiwari and Sebastian Wüster
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We propose to track position and velocity of mobile Rydberg excited impurity atoms within a
Bose-Einstein condensate through the phase they imprint on the condensate by elastic interactions
with the Rydberg electron. This signal is then naturally converted to features in the condensate
density or momentum distribution. The gaseous background of the impurities thus acts in analogy
to the cloud or bubble chambers in the early days of elementary particle physics. The technique
will be useful to explore Rydberg-Rydberg scattering, infrequent inelastic processes involving the
Rydberg impurities, coherence in Rydberg motion and the forces exerted by the background on
the impurity. Our simulations show that resolvable tracks can be generated within the immersed
Rydberg life time and that condensate heating is under control.

PACS numbers:

Introduction: Tracking particle motion has helped to ad-
vance physics for centuries, in developing Newtonian me-
chanics, understanding Brownian motion and, more re-
cently, unravelling the standard model of elementary par-
ticle physics. Tracks allowed the deduction of fundamen-
tal theories by studying the deflection of trajectories by
conservative and frictional forces. They further indicate
decay products and give clues on particle life-times via
track lengths. Early examples of tracking devices were
the bubble chamber [1] and cloud chamber [2], in which
an energetic particle leaves an optically visible mark of its
passing through interaction with the chamber medium.
These devices were later replaced by wire chambers [3]
and recently silicon detectors [4].

In ultra-cold atomic physics, at 25 orders of magnitude
lower energies, experiments can controllably dope Bose-
Einstein condensates (BECs) with impurities such as ions
[5] or Rydberg atoms [6–8]. We show that the phase
coherence of the BEC allows its use as a tracking in-
strument for Rydberg impurities, reminiscent of a bubble
chamber in the early days of particle physics. Through
elastic collisions of the Rydberg electrons with the con-
densate atoms, a dynamical quantum phase is imprinted
onto the wave function of the latter. This records their
trajectory and velocity, which could be read out by inter-
ference with a reference condensate [9–13]. Alternatively,
after a short time, the impurity track will be converted
into in-situ detectable density depressions [14–16].

Tracking can first verify standard dipole-dipole and
van-der-Waals (vdW) interactions [17–19] of Rydberg
atoms, and then further explore the less well studied
inelastic reactions that occur when ground-state atoms
interact with Rydberg impurities in the ultracold regime
[6, 7, 20]. While such reactions may also limit the param-
eter range where BEC can track Rydberg dynamics, they
at the same time provide the opportunity to study the
timing and details of decay processes through the length
and features of imprinted tracks.

To demonstrate the feasibility of our ideas, we model
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FIG. 1: Sketch showing a one-dimensional cut through a Bose-
Einstein condensate that is tracking two repelling Rydberg
impurities (black •). (a) Condensate density ⇢ before (black)
and after (green) Rydberg motion, with corresponding phase
signal (red) and sketched Rydberg electron wave-functions
(blue bottom). (b) Interaction potential VgR(R) between con-
densate atoms and a single Rydberg impurity (black) for prin-
cipal quantum number ⌫ = 20, together with its its classical
approximation Vc (red) and indication of the employed cut-o↵
Vcut (dotted blue).

up to five Rydberg excited atoms mutually interacting
via van-der-Waals forces while embedded in a BEC. Ry-
dberg atoms move as in Newton’s equations, while the
BEC evolves according to the Gross-Pitaevskii equation
including the e↵ect of the impurity potentials [21–23].
We show that for typical parameters, resolvable phase
tracks are obtained within the e↵ective Rydberg life-time
[7]. We show that the classical electron probability distri-
bution in a Rydberg state is a helpful tool for modelling
tracking, and find that condensate heating during the
tracking process is limited.

Interactions between Rydberg impurities and BEC: Let
us consider a Bose-Einstein condensed gas of N Rb87

atoms with mass m mostly in their ground state, out
which Nimp impurity atoms are excited to a Rydberg
state | i = | ⌫s i, with principal quantum number ⌫ �
10 and l = 0 angular momentum, as sketched for Nimp =
2 in Fig. 1 (a). We denote the location of impurities
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be a coherent coupling with Rabi frequency ⌦(t) and de-
tuning � between | g i and | r i.

We write the system Hamiltonian Ĥtot = Ĥ0+Ĥdress+

Ĥint, using the notation �̂
(n)
kk0 = | k ih k0 |, where k, k

0

2 {g, r, R} and �̂
(n) acts on atom n only:

Ĥ0 =
NX

n=1

⇥
� ~2r2

rn/(2M) +W (Rn)�̂
(n)
gg

⇤
,

Ĥdress =
NX

n=1

⇥
⌦(t)�̂(n)

gr /2 + h.c.���̂
(n)
rr

⇤
,

Ĥint =
X

a,b2{g,r,R}

NX

nl=1

Vab(rnl)�̂
(n)
aa �̂

(l)
bb . (1)

Ground state atoms may experience an external trap-
ping potential W (Rn) and the Rabi coupling is far o↵-
resonant, so that ↵ = ⌦(t)/(2�), |↵| ⌧ 1. Defining rnl =
|Rn � Rl|, we take van-der-Waals interactions between

two Rydberg atoms in states a, b as Vab(r) = C
(ab)
6 /r

6

for simplicity. Between ground state atoms we assume
the usual contact interaction Vgg(r) = g�(r), where
g = 4⇡~2as/M with atom-atom s-wave scattering length
as. Finally, ground state and Rydberg atoms interact via
Fermi pseudo potentials Vg,r/R(r) = V0| ⌫/⌫0(r)|2 with
V0 = 2⇡~2ae/me [28], electron mass me, electron-atom
scattering length ae [29] and Rydberg orbital wave func-
tion  ⌫/⌫0(r). Our examples will be based on 87Rb with
as = 104a0 and ae = �16.05a0, where a0 is the Bohr
radius.

We have not included light-coupling to the state |R i,
assuming Nimp of the N atoms have been pre-prepared
as impurities in state |R i at locations {xn} ⇢ {Rn}.
This can involve selective optical access [30–32], exploit
blockade e↵ects [27, 33–41] or rely on condensate density
dependent energy shifts [15, 22]. Here we assume impuri-
ties are the same species as condensate atoms, but other
species are also possible. Interactions VRR between two
Rydberg impurities are important in this stage of impu-
rity placement but can subsequently be neglected.

The light-coupling in Ĥdress will cause long-range inter-
actions for all atoms, which would otherwise be present
only among Rydberg excited atoms (| r i, |R i). We de-
termine these interactions using fourth order perturba-
tion theory in ⌦(t), calculating the energy shift �EgR

of the state | 0 i = |gR i where the Nimp atoms at lo-
cations xn are in |R i and the other N̄ = N � Nimp

atoms in | g i. We obtain �EgR = ↵
2
E(2) + ↵

4
E(4),

where E(2) = �
PN̄

n (1 �
PNimp

m VrR(|rn � xm|)/�)�1.
We find E(4) in comparison negligible, see [42].

In this article, impurities will only a↵ect dynamics for
very short times, such that their motion can be assumed
frozen in space [43], and they also do not undergo state
changes. Then, using arguments as in [6] we merge the
e↵ective interactions obtained through the laser dressing

with the direct interactions between atoms contained in
(1) (VgR, Vgg) to arrive at the following e↵ective Gross-
Pitaevskii equation (GPE) for the dressed and condensed
ground-state atoms in the presence of Rydberg impuri-
ties:
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2m
r2 +W (R) + g|�(R)|2

+
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U

(2)
e↵ (R, {xm}, t) +

NimpX

m

V0| (|R� xm|)|2
�◆

�(R).

(2)

We define U
(2)
e↵ (|R� xm|, t) = ↵

2(t)E(2)(R, {xm}).
Here the presence of a few impurity atoms that are

fully in a Rydberg state causes strong, long-range inter-
actions with the remaining atoms, which can be treated
as external single body potential for the condensate. The
corresponding terms in (2) are in square brackets and will
be the central tool of the present work. Note that the
dominant part E(2) is orders of magnitude larger than the
dressed interaction between condensate atoms, causing
quite di↵erent physics than the latter [6]. The induced

potentials are sketched in Fig. 1 (a) as red line (U (2)
e↵ , us-

ing signs VrR/� < 0) and blue line (| (|R� x|)|2) for a
single impurity at the centre of the cloud (x = 0). Either
potential is associated with an important length scale.
The plateau of the dressing induced potential extends to

the critical radius rc = (C(rR)
6 /|�|)1/6, which also sets

the width of the region of potential drop. The extent of
the direct interaction potential VgR is the radius of the
Rydberg electron orbital  ⌫0 of the impurity, r0 ⇡ a0⌫

02

with a0 the Bohr radius. In this article we focus on pa-
rameters for wich rc > r0 and the molecular resonances
are avoided [44–46]. While approximately included in
our solutions of Eq. (2) [47], the direct interactions VgR

then play a minor role.
Our applications of Eq. (2) to phase-imprinting involve

two dynamical stages: In a first short stage (t ⇠ 10µs),
the condensate acquires a dynamical phase �(R) !
exp [i'(R)]�(R) with '(R) = �U

(2)
e↵ (R, {xm})⌧imp.

Timescale and strength of U (2)
e↵ are such that other ener-

gies can be neglected. Only in this stage are dressed inter-
actions enabled though Ĥdress. In a much longer second
stage (t ⇠ 10ms), the condensate evolves according to
the usual GPE, and the initially imprinted phase profile
is typically transformed into condensate flow and/or den-
sity variations. We consider two examples, highlighting
the strengths of Rydberg phase imprinting: Transferring
entanglement from a Rydberg system onto a BEC, and
inferring the geometry of a collection of Rydberg impu-
rities in a cold gas.
Entanglement transfer: We first consider a one-
dimensional arrangement of a BEC bright soliton (see
Ref. [48, 49] and references therein) with N̄ = 2000
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We propose to track position and velocity of mobile Rydberg excited impurity atoms within a
Bose-Einstein condensate through the phase they imprint on the condensate by elastic interactions
with the Rydberg electron. This signal is then naturally converted to features in the condensate
density or momentum distribution. The gaseous background of the impurities thus acts in analogy
to the cloud or bubble chambers in the early days of elementary particle physics. The technique
will be useful to explore Rydberg-Rydberg scattering, infrequent inelastic processes involving the
Rydberg impurities, coherence in Rydberg motion and the forces exerted by the background on
the impurity. Our simulations show that resolvable tracks can be generated within the immersed
Rydberg life time and that condensate heating is under control.
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Introduction: Tracking particle motion has helped to ad-
vance physics for centuries, in developing Newtonian me-
chanics, understanding Brownian motion and, more re-
cently, unravelling the standard model of elementary par-
ticle physics. Tracks allowed the deduction of fundamen-
tal theories by studying the deflection of trajectories by
conservative and frictional forces. They further indicate
decay products and give clues on particle life-times via
track lengths. Early examples of tracking devices were
the bubble chamber [1] and cloud chamber [2], in which
an energetic particle leaves an optically visible mark of its
passing through interaction with the chamber medium.
These devices were later replaced by wire chambers [3]
and recently silicon detectors [4].

In ultra-cold atomic physics, at 25 orders of magnitude
lower energies, experiments can controllably dope Bose-
Einstein condensates (BECs) with impurities such as ions
[5] or Rydberg atoms [6–8]. We show that the phase
coherence of the BEC allows its use as a tracking in-
strument for Rydberg impurities, reminiscent of a bubble
chamber in the early days of particle physics. Through
elastic collisions of the Rydberg electrons with the con-
densate atoms, a dynamical quantum phase is imprinted
onto the wave function of the latter. This records their
trajectory and velocity, which could be read out by inter-
ference with a reference condensate [9–13]. Alternatively,
after a short time, the impurity track will be converted
into in-situ detectable density depressions [14–16].

Tracking can first verify standard dipole-dipole and
van-der-Waals (vdW) interactions [17–19] of Rydberg
atoms, and then further explore the less well studied
inelastic reactions that occur when ground-state atoms
interact with Rydberg impurities in the ultracold regime
[6, 7, 20]. While such reactions may also limit the param-
eter range where BEC can track Rydberg dynamics, they
at the same time provide the opportunity to study the
timing and details of decay processes through the length
and features of imprinted tracks.

To demonstrate the feasibility of our ideas, we model
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FIG. 1: Sketch showing a one-dimensional cut through a Bose-
Einstein condensate that is tracking two repelling Rydberg
impurities (black •). (a) Condensate density ⇢ before (black)
and after (green) Rydberg motion, with corresponding phase
signal (red) and sketched Rydberg electron wave-functions
(blue bottom). (b) Interaction potential VgR(R) between con-
densate atoms and a single Rydberg impurity (black) for prin-
cipal quantum number ⌫ = 20, together with its its classical
approximation Vc (red) and indication of the employed cut-o↵
Vcut (dotted blue).

up to five Rydberg excited atoms mutually interacting
via van-der-Waals forces while embedded in a BEC. Ry-
dberg atoms move as in Newton’s equations, while the
BEC evolves according to the Gross-Pitaevskii equation
including the e↵ect of the impurity potentials [21–23].
We show that for typical parameters, resolvable phase
tracks are obtained within the e↵ective Rydberg life-time
[7]. We show that the classical electron probability distri-
bution in a Rydberg state is a helpful tool for modelling
tracking, and find that condensate heating during the
tracking process is limited.

Interactions between Rydberg impurities and BEC: Let
us consider a Bose-Einstein condensed gas of N Rb87

atoms with mass m mostly in their ground state, out
which Nimp impurity atoms are excited to a Rydberg
state | i = | ⌫s i, with principal quantum number ⌫ �
10 and l = 0 angular momentum, as sketched for Nimp =
2 in Fig. 1 (a). We denote the location of impurities

φ/π
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be a coherent coupling with Rabi frequency ⌦(t) and de-
tuning � between | g i and | r i.

We write the system Hamiltonian Ĥtot = Ĥ0+Ĥdress+

Ĥint, using the notation �̂
(n)
kk0 = | k ih k0 |, where k, k

0

2 {g, r, R} and �̂
(n) acts on atom n only:

Ĥ0 =
NX

n=1

⇥
� ~2r2

rn/(2M) +W (Rn)�̂
(n)
gg

⇤
,

Ĥdress =
NX

n=1

⇥
⌦(t)�̂(n)

gr /2 + h.c.���̂
(n)
rr

⇤
,

Ĥint =
X

a,b2{g,r,R}

NX

nl=1

Vab(rnl)�̂
(n)
aa �̂

(l)
bb . (1)

Ground state atoms may experience an external trap-
ping potential W (Rn) and the Rabi coupling is far o↵-
resonant, so that ↵ = ⌦(t)/(2�), |↵| ⌧ 1. Defining rnl =
|Rn � Rl|, we take van-der-Waals interactions between

two Rydberg atoms in states a, b as Vab(r) = C
(ab)
6 /r

6

for simplicity. Between ground state atoms we assume
the usual contact interaction Vgg(r) = g�(r), where
g = 4⇡~2as/M with atom-atom s-wave scattering length
as. Finally, ground state and Rydberg atoms interact via
Fermi pseudo potentials Vg,r/R(r) = V0| ⌫/⌫0(r)|2 with
V0 = 2⇡~2ae/me [28], electron mass me, electron-atom
scattering length ae [29] and Rydberg orbital wave func-
tion  ⌫/⌫0(r). Our examples will be based on 87Rb with
as = 104a0 and ae = �16.05a0, where a0 is the Bohr
radius.

We have not included light-coupling to the state |R i,
assuming Nimp of the N atoms have been pre-prepared
as impurities in state |R i at locations {xn} ⇢ {Rn}.
This can involve selective optical access [30–32], exploit
blockade e↵ects [27, 33–41] or rely on condensate density
dependent energy shifts [15, 22]. Here we assume impuri-
ties are the same species as condensate atoms, but other
species are also possible. Interactions VRR between two
Rydberg impurities are important in this stage of impu-
rity placement but can subsequently be neglected.

The light-coupling in Ĥdress will cause long-range inter-
actions for all atoms, which would otherwise be present
only among Rydberg excited atoms (| r i, |R i). We de-
termine these interactions using fourth order perturba-
tion theory in ⌦(t), calculating the energy shift �EgR

of the state | 0 i = |gR i where the Nimp atoms at lo-
cations xn are in |R i and the other N̄ = N � Nimp

atoms in | g i. We obtain �EgR = ↵
2
E(2) + ↵

4
E(4),

where E(2) = �
PN̄

n (1 �
PNimp

m VrR(|rn � xm|)/�)�1.
We find E(4) in comparison negligible, see [42].

In this article, impurities will only a↵ect dynamics for
very short times, such that their motion can be assumed
frozen in space [43], and they also do not undergo state
changes. Then, using arguments as in [6] we merge the
e↵ective interactions obtained through the laser dressing

with the direct interactions between atoms contained in
(1) (VgR, Vgg) to arrive at the following e↵ective Gross-
Pitaevskii equation (GPE) for the dressed and condensed
ground-state atoms in the presence of Rydberg impuri-
ties:
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We define U
(2)
e↵ (|R� xm|, t) = ↵

2(t)E(2)(R, {xm}).
Here the presence of a few impurity atoms that are

fully in a Rydberg state causes strong, long-range inter-
actions with the remaining atoms, which can be treated
as external single body potential for the condensate. The
corresponding terms in (2) are in square brackets and will
be the central tool of the present work. Note that the
dominant part E(2) is orders of magnitude larger than the
dressed interaction between condensate atoms, causing
quite di↵erent physics than the latter [6]. The induced

potentials are sketched in Fig. 1 (a) as red line (U (2)
e↵ , us-

ing signs VrR/� < 0) and blue line (| (|R� x|)|2) for a
single impurity at the centre of the cloud (x = 0). Either
potential is associated with an important length scale.
The plateau of the dressing induced potential extends to

the critical radius rc = (C(rR)
6 /|�|)1/6, which also sets

the width of the region of potential drop. The extent of
the direct interaction potential VgR is the radius of the
Rydberg electron orbital  ⌫0 of the impurity, r0 ⇡ a0⌫

02

with a0 the Bohr radius. In this article we focus on pa-
rameters for wich rc > r0 and the molecular resonances
are avoided [44–46]. While approximately included in
our solutions of Eq. (2) [47], the direct interactions VgR

then play a minor role.
Our applications of Eq. (2) to phase-imprinting involve

two dynamical stages: In a first short stage (t ⇠ 10µs),
the condensate acquires a dynamical phase �(R) !
exp [i'(R)]�(R) with '(R) = �U

(2)
e↵ (R, {xm})⌧imp.

Timescale and strength of U (2)
e↵ are such that other ener-

gies can be neglected. Only in this stage are dressed inter-
actions enabled though Ĥdress. In a much longer second
stage (t ⇠ 10ms), the condensate evolves according to
the usual GPE, and the initially imprinted phase profile
is typically transformed into condensate flow and/or den-
sity variations. We consider two examples, highlighting
the strengths of Rydberg phase imprinting: Transferring
entanglement from a Rydberg system onto a BEC, and
inferring the geometry of a collection of Rydberg impu-
rities in a cold gas.
Entanglement transfer: We first consider a one-
dimensional arrangement of a BEC bright soliton (see
Ref. [48, 49] and references therein) with N̄ = 2000
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We propose to track position and velocity of mobile Rydberg excited impurity atoms within a
Bose-Einstein condensate through the phase they imprint on the condensate by elastic interactions
with the Rydberg electron. This signal is then naturally converted to features in the condensate
density or momentum distribution. The gaseous background of the impurities thus acts in analogy
to the cloud or bubble chambers in the early days of elementary particle physics. The technique
will be useful to explore Rydberg-Rydberg scattering, infrequent inelastic processes involving the
Rydberg impurities, coherence in Rydberg motion and the forces exerted by the background on
the impurity. Our simulations show that resolvable tracks can be generated within the immersed
Rydberg life time and that condensate heating is under control.

PACS numbers:

Introduction: Tracking particle motion has helped to ad-
vance physics for centuries, in developing Newtonian me-
chanics, understanding Brownian motion and, more re-
cently, unravelling the standard model of elementary par-
ticle physics. Tracks allowed the deduction of fundamen-
tal theories by studying the deflection of trajectories by
conservative and frictional forces. They further indicate
decay products and give clues on particle life-times via
track lengths. Early examples of tracking devices were
the bubble chamber [1] and cloud chamber [2], in which
an energetic particle leaves an optically visible mark of its
passing through interaction with the chamber medium.
These devices were later replaced by wire chambers [3]
and recently silicon detectors [4].

In ultra-cold atomic physics, at 25 orders of magnitude
lower energies, experiments can controllably dope Bose-
Einstein condensates (BECs) with impurities such as ions
[5] or Rydberg atoms [6–8]. We show that the phase
coherence of the BEC allows its use as a tracking in-
strument for Rydberg impurities, reminiscent of a bubble
chamber in the early days of particle physics. Through
elastic collisions of the Rydberg electrons with the con-
densate atoms, a dynamical quantum phase is imprinted
onto the wave function of the latter. This records their
trajectory and velocity, which could be read out by inter-
ference with a reference condensate [9–13]. Alternatively,
after a short time, the impurity track will be converted
into in-situ detectable density depressions [14–16].

Tracking can first verify standard dipole-dipole and
van-der-Waals (vdW) interactions [17–19] of Rydberg
atoms, and then further explore the less well studied
inelastic reactions that occur when ground-state atoms
interact with Rydberg impurities in the ultracold regime
[6, 7, 20]. While such reactions may also limit the param-
eter range where BEC can track Rydberg dynamics, they
at the same time provide the opportunity to study the
timing and details of decay processes through the length
and features of imprinted tracks.

To demonstrate the feasibility of our ideas, we model
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FIG. 1: Sketch showing a one-dimensional cut through a Bose-
Einstein condensate that is tracking two repelling Rydberg
impurities (black •). (a) Condensate density ⇢ before (black)
and after (green) Rydberg motion, with corresponding phase
signal (red) and sketched Rydberg electron wave-functions
(blue bottom). (b) Interaction potential VgR(R) between con-
densate atoms and a single Rydberg impurity (black) for prin-
cipal quantum number ⌫ = 20, together with its its classical
approximation Vc (red) and indication of the employed cut-o↵
Vcut (dotted blue).

up to five Rydberg excited atoms mutually interacting
via van-der-Waals forces while embedded in a BEC. Ry-
dberg atoms move as in Newton’s equations, while the
BEC evolves according to the Gross-Pitaevskii equation
including the e↵ect of the impurity potentials [21–23].
We show that for typical parameters, resolvable phase
tracks are obtained within the e↵ective Rydberg life-time
[7]. We show that the classical electron probability distri-
bution in a Rydberg state is a helpful tool for modelling
tracking, and find that condensate heating during the
tracking process is limited.

Interactions between Rydberg impurities and BEC: Let
us consider a Bose-Einstein condensed gas of N Rb87

atoms with mass m mostly in their ground state, out
which Nimp impurity atoms are excited to a Rydberg
state | i = | ⌫s i, with principal quantum number ⌫ �
10 and l = 0 angular momentum, as sketched for Nimp =
2 in Fig. 1 (a). We denote the location of impurities

φ/π
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Rydberg “Bubble chamber”

2

with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g2D|�(R)|2

+

NimpX

n

V0| (R� xn)|2
◆
�(R), (1)

where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].
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with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):
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where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].
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Summary of characterization measurements for 133S (mj=+1/2): 
We repeat the measurements from above now with the 133S state. The measurement sequence stays the same, 
however, the experimental parameters have slightly changed: 

- Atom number BEC now ~1*10^6 (compared to 600k-800k before) 
- Rydberg Detuning: -50 MHz (different density shift) 

BEC spectrum 133S: 

Measurement sequence for spectra are slightly different. We 
make sure to excite only 1 Rydberg atom per excitation pulse 
by ionizing after each excitation. This means between the 
pulses (Rydberg creation & ionization) we wait for 100µs. 
 
For the final spectrum we put together the first 50 pulses and 
check the last 50 to get an idea how much the spectrum 
changes, due to heating (420nm light) and local density 
increase (tightly focused 1020 beam) over 500 shots. 

 
 

Difference images for tevo=200µs: 
The results are averaged over ~100-400 images. 

1 Rydberg excitation 

 
Peak depth -6 atoms per pixel 

4 Rydberg excitations 

 
Peak depth -14.5 atoms per pixel 

20 Rydberg excitations 

 
Peak depth -62 atoms per pixel 

30 Rydberg excitations 

 
Peak depth -66 atoms per pixel 

 

On the left we show the ion counts for the pulse train of 20 
Rydberg excitations. 
 
One can see a drop of signal for longer times, meaning the 
excitation probability starts to decrease for the later pulses 
   ->  indicates a depletion 
 
However, the effect of this seems to be negligble for <20 pulses. 

Single Rydberg

Δρ = 0

Δρ < 0
10 µm

Experimental images by Felix Engel and Florian Meinert, Univ. Stuttgart

n=133
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FIG. 3: Motion of the BEC in di↵erently detailed Rydberg
interaction potentials. The condensate density is shown rel-
ative to the background density ⇢0 = 4.0 ⇥ 1020m�3, i.e.
�⇢ = ⇢ � ⇢0. (a) Atom density in interaction potentials,
s-wave (solid black line), s+p-wave (dashed red line), and
CASW (dotted blue line) are shown at the imprint time
texc + timp = 1.5µs. The s-wave potential for | ⌫l i = | 133s i
state is indicated without scale as gray shades. Green ver-
tical lines divide the radial coordinate into the inner region
(0  r < 2Rmin) and outer region (r � 2Rmin). (b) The
density reaches a maximum in each radial well for s+p-wave
at timag = 5.0µs, which is after the ionization of the Ryd-
berg impurity. The inset shows the moving average density
for s-wave (solid black lines), CASW-potential (dotted blue
lines), and s+p-wave potential (dashed red lines) [change this
into maximum. We look at a radial cut through a 3D den-
sity, hence averaging that makes limited sense] . Further snap
shots of the density after some free evolution are shown in (c)
and (d) at timag = 15.3µs and timag = 40.0µs respectively.
The inset of the (c) shows the average [UNCLEAR] density
of the condensate for s-wave (solid black lines) and CASW
potential (dashed blue lines). [[Movie to be generated and
advertised later] ].

D. Repeated excitation

Due to the only small relative changes of atom den-
sity caused by a single Rydberg excitation, as discussed
in section IIIA, experiments might require repeated ex-
citations to measurably a↵ect the bulk density, as has
been done in [9]. We model a sequence of Nexc = 10 re-
peated excitations with a probabilistic approach, as dis-
cussed in section II B. In contrast to section IIIA and
section III C, the Rydberg atoms are no longer located
at the origin, but randomly distributed with standard
deviations �x = 1.0µm, �y = 2.0µm, and �z = 1.0µm
respectively, assuming a relatively tight excitation laser

focus with beam direction along y. For the temporal se-
quence we use an excitation duration of texc = 0.5µs and
imprint time of timp = 3.5µs and an ionisation time of
tion = 0.8µs. So Nexc repeated excitations will require a
total time Nexc ⇥ 4.8µs.

FIG. 4: Condensate response to repeated excitations of a Ry-
dberg impurity. (a) The 2D slice of the 3D density at z = 0
after Nexc = 10 repeated excitations at 10⇥(texc+timp)+9⇥
tion = 47.2µs. The circular features have the size of Rydberg
orbit, which is ⇡ 1.8µm for | ⌫l i = | 133S i. The subsequent
time evolution of the density is shown in (b) at timag = 260µs.
The column density under the same conditions as in (a,b) is
shown in (c,d), which is calculated by integrating the 3D den-
sity along the z-direction. [This has 10 Mhz cuto↵ rest 1]

For this sequence, we then numerically solve the 3D
GPE (3) using the s+p-wave interaction potential (A1),
with a homogeneous density ⇢0 = 4.0 ⇥ 1020m�3, while
ten repeated excitations are embedded within a period of
47.2µs, with results at that time shown in Fig. 4 (a). The
panel shows a 2D slice of the 3D density at z = 0, where
each circular feature is due to one Rydberg excitation,
see supplementary movie [Make a supplementary movie
for this ]. In contrast to the case of a single excitation in
the BEC, a significant accumulated impact can be seen
in the condensate density after 10 repeated excitations.
This is because the condensate atoms get enough time
(texc + tion = 1.3µs) after each excitation to react to the
momentum kick imparted by the impurity potential. The
impact becomes even more evident after an additional
evolution time of 260µs as shown in Fig. 4 (b).
The signal shows a better contrast in the column

density shown in panel (c, d), averaging along the z-
direction. A clear density depression by XX% can be
seen in panel (d) around the central enhancement of the
density. The latter is due to the constructive interfer-
ence of waves focussed towards the centre as discussed in
section IIIA by each of the excitations.
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ative to the background density ⇢0 = 4.0 ⇥ 1020m�3, i.e.
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and (d) at timag = 15.3µs and timag = 40.0µs respectively.
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potential (dashed blue lines). [[Movie to be generated and
advertised later] ].

D. Repeated excitation

Due to the only small relative changes of atom den-
sity caused by a single Rydberg excitation, as discussed
in section IIIA, experiments might require repeated ex-
citations to measurably a↵ect the bulk density, as has
been done in [9]. We model a sequence of Nexc = 10 re-
peated excitations with a probabilistic approach, as dis-
cussed in section II B. In contrast to section IIIA and
section III C, the Rydberg atoms are no longer located
at the origin, but randomly distributed with standard
deviations �x = 1.0µm, �y = 2.0µm, and �z = 1.0µm
respectively, assuming a relatively tight excitation laser

focus with beam direction along y. For the temporal se-
quence we use an excitation duration of texc = 0.5µs and
imprint time of timp = 3.5µs and an ionisation time of
tion = 0.8µs. So Nexc repeated excitations will require a
total time Nexc ⇥ 4.8µs.

FIG. 4: Condensate response to repeated excitations of a Ry-
dberg impurity. (a) The 2D slice of the 3D density at z = 0
after Nexc = 10 repeated excitations at 10⇥(texc+timp)+9⇥
tion = 47.2µs. The circular features have the size of Rydberg
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time evolution of the density is shown in (b) at timag = 260µs.
The column density under the same conditions as in (a,b) is
shown in (c,d), which is calculated by integrating the 3D den-
sity along the z-direction. [This has 10 Mhz cuto↵ rest 1]
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GPE (3) using the s+p-wave interaction potential (A1),
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each circular feature is due to one Rydberg excitation,
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for this ]. In contrast to the case of a single excitation in
the BEC, a significant accumulated impact can be seen
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This is because the condensate atoms get enough time
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momentum kick imparted by the impurity potential. The
impact becomes even more evident after an additional
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direction. A clear density depression by XX% can be
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Tracking Rydberg atoms with Bose-Einstein Condensates

Shiva Kant Tiwari and Sebastian Wüster

Department of Physics, Indian Institute of Science Education and Research, Bhopal, Madhya Pradesh 462 023, India⇤

We propose to track position and velocity of mobile Rydberg excited impurity atoms within a
Bose-Einstein condensate through the phase they imprint on the condensate by elastic interactions
with the Rydberg electron. This signal is then naturally converted to features in the condensate
density or momentum distribution. The gaseous background of the impurities thus acts in analogy
to the cloud or bubble chambers in the early days of elementary particle physics. The technique
will be useful to explore Rydberg-Rydberg scattering, infrequent inelastic processes involving the
Rydberg impurities, coherence in Rydberg motion and the forces exerted by the background on
the impurity. Our simulations show that resolvable tracks can be generated within the immersed
Rydberg life time and that condensate heating is under control.

PACS numbers:

Introduction: Tracking particle motion has helped to ad-
vance physics for centuries, in developing Newtonian me-
chanics, understanding Brownian motion and, more re-
cently, unravelling the standard model of elementary par-
ticle physics. Tracks allowed the deduction of fundamen-
tal theories by studying the deflection of trajectories by
conservative and frictional forces. They further indicate
decay products and give clues on particle life-times via
track lengths. Early examples of tracking devices were
the bubble chamber [1] and cloud chamber [2], in which
an energetic particle leaves an optically visible mark of its
passing through interaction with the chamber medium.
These devices were later replaced by wire chambers [3]
and recently silicon detectors [4].

In ultra-cold atomic physics, at 25 orders of magnitude
lower energies, experiments can controllably dope Bose-
Einstein condensates (BECs) with impurities such as ions
[5] or Rydberg atoms [6–8]. We show that the phase
coherence of the BEC allows its use as a tracking in-
strument for Rydberg impurities, reminiscent of a bubble
chamber in the early days of particle physics. Through
elastic collisions of the Rydberg electrons with the con-
densate atoms, a dynamical quantum phase is imprinted
onto the wave function of the latter. This records their
trajectory and velocity, which could be read out by inter-
ference with a reference condensate [9–13]. Alternatively,
after a short time, the impurity track will be converted
into in-situ detectable density depressions [14–16].

Tracking can first verify standard dipole-dipole and
van-der-Waals (vdW) interactions [17–19] of Rydberg
atoms, and then further explore the less well studied
inelastic reactions that occur when ground-state atoms
interact with Rydberg impurities in the ultracold regime
[6, 7, 20]. While such reactions may also limit the param-
eter range where BEC can track Rydberg dynamics, they
at the same time provide the opportunity to study the
timing and details of decay processes through the length
and features of imprinted tracks.

To demonstrate the feasibility of our ideas, we model
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FIG. 1: Sketch showing a one-dimensional cut through a Bose-
Einstein condensate that is tracking two repelling Rydberg
impurities (black •). (a) Condensate density ⇢ before (black)
and after (green) Rydberg motion, with corresponding phase
signal (red) and sketched Rydberg electron wave-functions
(blue bottom). (b) Interaction potential VgR(R) between con-
densate atoms and a single Rydberg impurity (black) for prin-
cipal quantum number ⌫ = 20, together with its its classical
approximation Vc (red) and indication of the employed cut-o↵
Vcut (dotted blue).

up to five Rydberg excited atoms mutually interacting
via van-der-Waals forces while embedded in a BEC. Ry-
dberg atoms move as in Newton’s equations, while the
BEC evolves according to the Gross-Pitaevskii equation
including the e↵ect of the impurity potentials [21–23].
We show that for typical parameters, resolvable phase
tracks are obtained within the e↵ective Rydberg life-time
[7]. We show that the classical electron probability distri-
bution in a Rydberg state is a helpful tool for modelling
tracking, and find that condensate heating during the
tracking process is limited.

Interactions between Rydberg impurities and BEC: Let
us consider a Bose-Einstein condensed gas of N Rb87

atoms with mass m mostly in their ground state, out
which Nimp impurity atoms are excited to a Rydberg
state | i = | ⌫s i, with principal quantum number ⌫ �
10 and l = 0 angular momentum, as sketched for Nimp =
2 in Fig. 1 (a). We denote the location of impurities

5

FIG. 3: Motion of the BEC in di↵erently detailed Rydberg
interaction potentials. The condensate density is shown rel-
ative to the background density ⇢0 = 4.0 ⇥ 1020m�3, i.e.
�⇢ = ⇢ � ⇢0. (a) Atom density in interaction potentials,
s-wave (solid black line), s+p-wave (dashed red line), and
CASW (dotted blue line) are shown at the imprint time
texc + timp = 1.5µs. The s-wave potential for | ⌫l i = | 133s i
state is indicated without scale as gray shades. Green ver-
tical lines divide the radial coordinate into the inner region
(0  r < 2Rmin) and outer region (r � 2Rmin). (b) The
density reaches a maximum in each radial well for s+p-wave
at timag = 5.0µs, which is after the ionization of the Ryd-
berg impurity. The inset shows the moving average density
for s-wave (solid black lines), CASW-potential (dotted blue
lines), and s+p-wave potential (dashed red lines) [change this
into maximum. We look at a radial cut through a 3D den-
sity, hence averaging that makes limited sense] . Further snap
shots of the density after some free evolution are shown in (c)
and (d) at timag = 15.3µs and timag = 40.0µs respectively.
The inset of the (c) shows the average [UNCLEAR] density
of the condensate for s-wave (solid black lines) and CASW
potential (dashed blue lines). [[Movie to be generated and
advertised later] ].

D. Repeated excitation

Due to the only small relative changes of atom den-
sity caused by a single Rydberg excitation, as discussed
in section IIIA, experiments might require repeated ex-
citations to measurably a↵ect the bulk density, as has
been done in [9]. We model a sequence of Nexc = 10 re-
peated excitations with a probabilistic approach, as dis-
cussed in section II B. In contrast to section IIIA and
section III C, the Rydberg atoms are no longer located
at the origin, but randomly distributed with standard
deviations �x = 1.0µm, �y = 2.0µm, and �z = 1.0µm
respectively, assuming a relatively tight excitation laser

focus with beam direction along y. For the temporal se-
quence we use an excitation duration of texc = 0.5µs and
imprint time of timp = 3.5µs and an ionisation time of
tion = 0.8µs. So Nexc repeated excitations will require a
total time Nexc ⇥ 4.8µs.

FIG. 4: Condensate response to repeated excitations of a Ry-
dberg impurity. (a) The 2D slice of the 3D density at z = 0
after Nexc = 10 repeated excitations at 10⇥(texc+timp)+9⇥
tion = 47.2µs. The circular features have the size of Rydberg
orbit, which is ⇡ 1.8µm for | ⌫l i = | 133S i. The subsequent
time evolution of the density is shown in (b) at timag = 260µs.
The column density under the same conditions as in (a,b) is
shown in (c,d), which is calculated by integrating the 3D den-
sity along the z-direction. [This has 10 Mhz cuto↵ rest 1]

For this sequence, we then numerically solve the 3D
GPE (3) using the s+p-wave interaction potential (A1),
with a homogeneous density ⇢0 = 4.0 ⇥ 1020m�3, while
ten repeated excitations are embedded within a period of
47.2µs, with results at that time shown in Fig. 4 (a). The
panel shows a 2D slice of the 3D density at z = 0, where
each circular feature is due to one Rydberg excitation,
see supplementary movie [Make a supplementary movie
for this ]. In contrast to the case of a single excitation in
the BEC, a significant accumulated impact can be seen
in the condensate density after 10 repeated excitations.
This is because the condensate atoms get enough time
(texc + tion = 1.3µs) after each excitation to react to the
momentum kick imparted by the impurity potential. The
impact becomes even more evident after an additional
evolution time of 260µs as shown in Fig. 4 (b).
The signal shows a better contrast in the column

density shown in panel (c, d), averaging along the z-
direction. A clear density depression by XX% can be
seen in panel (d) around the central enhancement of the
density. The latter is due to the constructive interfer-
ence of waves focussed towards the centre as discussed in
section IIIA by each of the excitations.

Simulations

S. Tiwari et al.  
in preparation (2021).
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passing through interaction with the chamber medium.
These devices were later replaced by wire chambers [3]
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In ultra-cold atomic physics, at 25 orders of magnitude
lower energies, experiments can controllably dope Bose-
Einstein condensates (BECs) with impurities such as ions
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coherence of the BEC allows its use as a tracking in-
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after a short time, the impurity track will be converted
into in-situ detectable density depressions [14–16].

Tracking can first verify standard dipole-dipole and
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timing and details of decay processes through the length
and features of imprinted tracks.

To demonstrate the feasibility of our ideas, we model

(x,t=0)

(x,t>0)

x
1

x
2

(a)

x0 -50 0 50
x[nm]

-20

-15

-10

-5

0
V

gR
[G

H
z]

( b )

V
cut
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Einstein condensate that is tracking two repelling Rydberg
impurities (black •). (a) Condensate density ⇢ before (black)
and after (green) Rydberg motion, with corresponding phase
signal (red) and sketched Rydberg electron wave-functions
(blue bottom). (b) Interaction potential VgR(R) between con-
densate atoms and a single Rydberg impurity (black) for prin-
cipal quantum number ⌫ = 20, together with its its classical
approximation Vc (red) and indication of the employed cut-o↵
Vcut (dotted blue).

up to five Rydberg excited atoms mutually interacting
via van-der-Waals forces while embedded in a BEC. Ry-
dberg atoms move as in Newton’s equations, while the
BEC evolves according to the Gross-Pitaevskii equation
including the e↵ect of the impurity potentials [21–23].
We show that for typical parameters, resolvable phase
tracks are obtained within the e↵ective Rydberg life-time
[7]. We show that the classical electron probability distri-
bution in a Rydberg state is a helpful tool for modelling
tracking, and find that condensate heating during the
tracking process is limited.
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FIG. 3: Motion of the BEC in di↵erently detailed Rydberg
interaction potentials. The condensate density is shown rel-
ative to the background density ⇢0 = 4.0 ⇥ 1020m�3, i.e.
�⇢ = ⇢ � ⇢0. (a) Atom density in interaction potentials,
s-wave (solid black line), s+p-wave (dashed red line), and
CASW (dotted blue line) are shown at the imprint time
texc + timp = 1.5µs. The s-wave potential for | ⌫l i = | 133s i
state is indicated without scale as gray shades. Green ver-
tical lines divide the radial coordinate into the inner region
(0  r < 2Rmin) and outer region (r � 2Rmin). (b) The
density reaches a maximum in each radial well for s+p-wave
at timag = 5.0µs, which is after the ionization of the Ryd-
berg impurity. The inset shows the moving average density
for s-wave (solid black lines), CASW-potential (dotted blue
lines), and s+p-wave potential (dashed red lines) [change this
into maximum. We look at a radial cut through a 3D den-
sity, hence averaging that makes limited sense] . Further snap
shots of the density after some free evolution are shown in (c)
and (d) at timag = 15.3µs and timag = 40.0µs respectively.
The inset of the (c) shows the average [UNCLEAR] density
of the condensate for s-wave (solid black lines) and CASW
potential (dashed blue lines). [[Movie to be generated and
advertised later] ].

D. Repeated excitation

Due to the only small relative changes of atom den-
sity caused by a single Rydberg excitation, as discussed
in section IIIA, experiments might require repeated ex-
citations to measurably a↵ect the bulk density, as has
been done in [9]. We model a sequence of Nexc = 10 re-
peated excitations with a probabilistic approach, as dis-
cussed in section II B. In contrast to section IIIA and
section III C, the Rydberg atoms are no longer located
at the origin, but randomly distributed with standard
deviations �x = 1.0µm, �y = 2.0µm, and �z = 1.0µm
respectively, assuming a relatively tight excitation laser

focus with beam direction along y. For the temporal se-
quence we use an excitation duration of texc = 0.5µs and
imprint time of timp = 3.5µs and an ionisation time of
tion = 0.8µs. So Nexc repeated excitations will require a
total time Nexc ⇥ 4.8µs.
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tion = 47.2µs. The circular features have the size of Rydberg
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shown in (c,d), which is calculated by integrating the 3D den-
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For this sequence, we then numerically solve the 3D
GPE (3) using the s+p-wave interaction potential (A1),
with a homogeneous density ⇢0 = 4.0 ⇥ 1020m�3, while
ten repeated excitations are embedded within a period of
47.2µs, with results at that time shown in Fig. 4 (a). The
panel shows a 2D slice of the 3D density at z = 0, where
each circular feature is due to one Rydberg excitation,
see supplementary movie [Make a supplementary movie
for this ]. In contrast to the case of a single excitation in
the BEC, a significant accumulated impact can be seen
in the condensate density after 10 repeated excitations.
This is because the condensate atoms get enough time
(texc + tion = 1.3µs) after each excitation to react to the
momentum kick imparted by the impurity potential. The
impact becomes even more evident after an additional
evolution time of 260µs as shown in Fig. 4 (b).
The signal shows a better contrast in the column

density shown in panel (c, d), averaging along the z-
direction. A clear density depression by XX% can be
seen in panel (d) around the central enhancement of the
density. The latter is due to the constructive interfer-
ence of waves focussed towards the centre as discussed in
section IIIA by each of the excitations.
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mean field dynamics? 
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Summary of characterization measurements for 133S (mj=+1/2): 
We repeat the measurements from above now with the 133S state. The measurement sequence stays the same, 
however, the experimental parameters have slightly changed: 

- Atom number BEC now ~1*10^6 (compared to 600k-800k before) 
- Rydberg Detuning: -50 MHz (different density shift) 

BEC spectrum 133S: 

Measurement sequence for spectra are slightly different. We 
make sure to excite only 1 Rydberg atom per excitation pulse 
by ionizing after each excitation. This means between the 
pulses (Rydberg creation & ionization) we wait for 100µs. 
 
For the final spectrum we put together the first 50 pulses and 
check the last 50 to get an idea how much the spectrum 
changes, due to heating (420nm light) and local density 
increase (tightly focused 1020 beam) over 500 shots. 

 
 

Difference images for tevo=200µs: 
The results are averaged over ~100-400 images. 

1 Rydberg excitation 

 
Peak depth -6 atoms per pixel 

4 Rydberg excitations 

 
Peak depth -14.5 atoms per pixel 

20 Rydberg excitations 

 
Peak depth -62 atoms per pixel 

30 Rydberg excitations 

 
Peak depth -66 atoms per pixel 

 

On the left we show the ion counts for the pulse train of 20 
Rydberg excitations. 
 
One can see a drop of signal for longer times, meaning the 
excitation probability starts to decrease for the later pulses 
   ->  indicates a depletion 
 
However, the effect of this seems to be negligble for <20 pulses. 
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with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g2D|�(R)|2

+

NimpX

n

V0| (R� xn)|2
◆
�(R), (1)

where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].

(I) Tracking of mobile Rydberg atoms in a BEC
Outline

S. Tiwari and S. Wüster, 
PRA 99 043616 (2019)

(III) Decoherence of Rydberg qubits in a BEC

(II) BEC response to Rydberg insertion

S. Rammohan et al. 
arXiv:2011.11022 (2020). 
arXiv:2006.15376 (2020).

S. Tiwari et al. in preparation (2021).
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tial state can be mapped onto one for the environment in
a vacuum initial state but adding auxiliary terms in the
system Hamiltonian.

Our results then form the basis for quite general treat-
ment of Rydberg electronic state decoherence in BEC.
For a simple case, they are validated by comparison
with conceptually more straightforward solutions of the
Gross-Pitaveskii equation in a companion article [27]. We
also show there, that the Rydberg atom in a BEC repre-
sents a particularly accessible example of an open quan-
tum system where both, the system and the environment
can be interrogated in detail. The results may have fur-
ther applications for the design of hybrid quantum tech-
nologies based on Rydberg atoms and BEC and creating
flexible quantum simulation platforms for energy trans-
port [28, 29].

BEC-phonon induced impurity decoherence has so far
been mainly studied in the context of ground-state im-
purities of a minority species [8, 17, 18, 30–38], ions [39],
or polaron formation [40]. For ground-state impurities,
spectral densities were reported in [41].

This article is organized as follows: Firstly we divide
the many-body Hamiltonian in section II into parts de-
scribing the system, the environment and the coupling
between the two. Then in section III, within an open
quantum system approach, we calculate environment cor-
relation functions as well as spectral densities and then
explore the scaling of the latter with principal quantum
number. Finally we conclude along with an outlook in
section IV. Details of calculations are provided in a
set of appendices, with the incorporation of Bogoliubov
excitations in the system environment coupling in ap-
pendix A, calculation of the ensuing coupling constants
in appendix B, transformation of a coherent state envi-
ronment into a vacuum one in appendix C, details on
correlation functions in appendix D and details on spec-
tral densities in appendix E.

II. INTERACTING MULTI-SPECIES SYSTEM

We begin with the many-body Hamiltonian Ĥ for a col-
lection of Bosonic atoms of mass m. The internal states
of the atoms are denoted by k. This label k can for ex-
ample correspond to the electronic ground-state | g i or
to a collection of Rydberg states |↵ i = | ⌫, l,m i, with
principal quantum number ⌫, angular momentum l and
azimuthal quantum number m.

Using the field operator in the Heisenberg picture
 ̂k(x), which destroys an atom at location x in inter-
nal state k, we have

Ĥ =
X

k

Z
d
3x


 ̂†

k(x)
⇣
� ~2

2m
r2 + Ek

⌘
 ̂k(x) (1)

+
1

2

X

i,j,s

Z
d
3y ̂†

k(x) ̂
†
i (y)Ukijs(x� y) ̂j(y) ̂s(x)

�
.

The first line of the Hamiltonian (1) are single particle
energies: kinetic energy and internal electronic energies
Ek. We do not consider any external potential. The sec-
ond term contains inter-atomic interactions, which may
be long range due to the presence of Rydberg states and
where we have allowed for interactions to change the in-
ternal state.
We now focus on the scenario of a single Rydberg impu-

rity that is allowed to occupy multiple electronic states,
which is embedded in a majority BEC with atoms in the
ground-state. Exploiting these constraints, we proceed
in the following sub-sections to split the general Hamilto-
nian (1) into the three pieces that enter an open quantum
system treatment [42–44], namely the sub-Hamiltonians
for the quantum-system (Rydberg atom states), the en-
vironment (BEC), and the system-environment coupling,
respectively:

Ĥ = Ĥsyst + Ĥenv + Ĥcoup. (2)

Based on this segregation, we are able to evaluate the
essential inputs for any open-quantum system approach,
which are environment correlation functions or spectral
densities.

A. Rydberg quantum system

To make the above field operator notation compati-
ble with the more usual formalism employed in Rydberg
physics, we assume a highly localized Rydberg atom, re-
stricting its position to a single, immobile spatial mode.
We thus write

 ̂↵(x) ⇡ '0(x)â
(↵)

, (3)

where â
(↵) creates a particle from the vacuum with in-

ternal state ↵ and spatial mode '0(x). For the Rydberg
atom multiple internal electronic states |↵ i = | ⌫, l,m i,
defined above, are available. In the following we shall use
the greek indices ↵, �, with |� i = | ⌫0, l0,m0 i to refer to
two such complete sets of quantum numbers.
For a single Rydberg impurity, with the identification

â
†(⌫lm)

â
(⌫0l0m0) $ | ⌫lm ih ⌫0l0m0 |, we thus reach the sim-

ple system Hamiltonian

Ĥsyst =
X

⌫lm

E⌫lm| ⌫lm ih ⌫lm |, (4)

where E⌫lm are the single atom energies corresponding
to the state | ⌫lm i, which can be found with standard
methods [45]. Since we assume a localized Rydberg atom
'0(x) ⇡ �

(3)(x � R) at rest, we will ignore its kinetic
energy operator in Eq. (1).
We shall see later, that as usual the coupling to the

BEC environment introduces energy shifts that are for-
mally best included in Ĥsyst as well, so that in ap-
pendix B 6 we define a modified system Hamiltonian
Ĥ

0
syst, see Eq. (B23a).

see also: Middelkamp et al. PRA 76 (2007) 022507.

S. Rammohan et al. arXiv:2006.15376 (2020).

ggg | ↓ ⟩s
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system Hamiltonian.
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lection of Bosonic atoms of mass m. The internal states
of the atoms are denoted by k. This label k can for ex-
ample correspond to the electronic ground-state | g i or
to a collection of Rydberg states |↵ i = | ⌫, l,m i, with
principal quantum number ⌫, angular momentum l and
azimuthal quantum number m.

Using the field operator in the Heisenberg picture
 ̂k(x), which destroys an atom at location x in inter-
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The first line of the Hamiltonian (1) are single particle
energies: kinetic energy and internal electronic energies
Ek. We do not consider any external potential. The sec-
ond term contains inter-atomic interactions, which may
be long range due to the presence of Rydberg states and
where we have allowed for interactions to change the in-
ternal state.
We now focus on the scenario of a single Rydberg impu-

rity that is allowed to occupy multiple electronic states,
which is embedded in a majority BEC with atoms in the
ground-state. Exploiting these constraints, we proceed
in the following sub-sections to split the general Hamilto-
nian (1) into the three pieces that enter an open quantum
system treatment [42–44], namely the sub-Hamiltonians
for the quantum-system (Rydberg atom states), the en-
vironment (BEC), and the system-environment coupling,
respectively:

Ĥ = Ĥsyst + Ĥenv + Ĥcoup. (2)

Based on this segregation, we are able to evaluate the
essential inputs for any open-quantum system approach,
which are environment correlation functions or spectral
densities.

A. Rydberg quantum system

To make the above field operator notation compati-
ble with the more usual formalism employed in Rydberg
physics, we assume a highly localized Rydberg atom, re-
stricting its position to a single, immobile spatial mode.
We thus write

 ̂↵(x) ⇡ '0(x)â
(↵)

, (3)

where â
(↵) creates a particle from the vacuum with in-

ternal state ↵ and spatial mode '0(x). For the Rydberg
atom multiple internal electronic states |↵ i = | ⌫, l,m i,
defined above, are available. In the following we shall use
the greek indices ↵, �, with |� i = | ⌫0, l0,m0 i to refer to
two such complete sets of quantum numbers.
For a single Rydberg impurity, with the identification

â
†(⌫lm)

â
(⌫0l0m0) $ | ⌫lm ih ⌫0l0m0 |, we thus reach the sim-

ple system Hamiltonian

Ĥsyst =
X

⌫lm

E⌫lm| ⌫lm ih ⌫lm |, (4)

where E⌫lm are the single atom energies corresponding
to the state | ⌫lm i, which can be found with standard
methods [45]. Since we assume a localized Rydberg atom
'0(x) ⇡ �

(3)(x � R) at rest, we will ignore its kinetic
energy operator in Eq. (1).
We shall see later, that as usual the coupling to the

BEC environment introduces energy shifts that are for-
mally best included in Ĥsyst as well, so that in ap-
pendix B 6 we define a modified system Hamiltonian
Ĥ

0
syst, see Eq. (B23a).
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B. Condensate environment

For the ground-state atoms (k = g) that form the BEC,
the Hamiltonian (1) becomes

Ĥ =

Z
d
3x


 ̂†

g(x)
⇣
� ~2

2m
r2 + Eg

⌘
 ̂g(x)

+
U0

2
 ̂†

g(x) ̂
†
g(x) ̂g(x) ̂g(x)

�
, (5)

assuming the usual s-wave contact interactions [46]

Ugggg(x� y) = U0�
(3)(x� y), (6)

with �(3) the three-dimensional delta-function and U0 =
4⇡~2as/m, where as is the s-wave atom-atom scattering
length.

We split the ground-state field operator as usual [46]

 ̂g(x) = �0(x) + �̂(x), (7)

where �0(x) 2 C is the mean-field condensate wave func-
tion and �̂(x) is the fluctuation operator which we ex-
pand as

�̂(x) =
X

q

⇣
uq(x)b̂q � v

⇤
q(x)b̂

†
q

⌘
(8)

in terms of Bogoliubov de-Gennes (BdG) excitations.
In a homogenous BEC with number density ⇢ = |�0|2,
these have mode functions uq(x) = ūq exp [iq · x]/

p
V

and vq(x) = v̄q exp [iq · x]/
p
V with bosonic creation

and destruction operators b̂
†
q and b̂q, assuming a box

quantisation volume V. Here and in the following we
use subscripts q for quantities that only depend on the
modulus of the quasi-particle wave number. In (8), the
BdG mode amplitudes are ūq = [(⇣q/✏q + 1)/2]1/2 and
v̄q = [(⇣q/✏q�1)/2]1/2, with ⇣q = ✏q+⇢U0, where q = |q|
and

✏q = ~!q =

s
~2q2
2m

✓
~2q2
2m

+ 2U0⇢

◆
(9)

are the BdG mode energies. The BdG amplitudes fulfil
ū
2
q � v̄

2
q = 1 and limq!1 ūq = 1, limq!1 v̄q = 0 with

limq!0 ūq � v̄q = 0.
Inserting (7) and (8) into the Hamiltonian (5) for the

state | g i then as usual gives rise to the Hamiltonian
rewritten in terms of quasiparticles

Ĥenv = EGP[�0(x)] +
X

q

✏q b̂
†
qb̂q, (10)

where EGP[�0(x)] is the Gross-Pitaevskii energy func-
tional

EGP[�0(x)] =

Z
d
3x


� ~2

2m
|r�0(x)|2

+ Eg|�0(x)|2 +
U0

2
|�0(x)|4

�
. (11)

C. System-environment interactions

The main interest is in the system-environment cou-
pling Hamiltonian Ĥcoup. Since we already dealt with
interactions of ground-state atoms in section II B and fo-
cus on at most one Rydberg excitation in the present
article, the only remaining combinations of indices kijs

in the interaction part of the Hamiltonian (1) must in-
volve one or two Rydberg indices only. We can exclude
all terms that would involve transitions between ground
and Rydberg states, due to the large energy di↵erence
and small wavefunction overlap of the impurity ground
state wavefunction and the BEC. Considering these con-
straints, the only required index sets are kijs=g↵�g and
kijs=↵gg�, which describe the interaction of a ground-
state with a Rydberg atom, possibly changing the inter-
nal state of the latter.
The dominant mechanism by which Rydberg atoms

can interact with ground-state atoms, is through elas-
tic scattering between the Rydberg electron and ground-
state atoms, once the latter venture into the Rydberg
orbit [47]. This is described by the Fermi pseudopoten-
tial

V (y + r,x) = g0�
(3)(y + r� x), (12)

where g0 = 2⇡~2ae/me [48]. Here, ae is the electron-
atom scattering length with ae < 0 for Sr and Rb andme

the electron mass. We have split the absolute position of
the Rydberg electron y+r into the location of the ion core
of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
e.g. [49], as well as the e↵ect of the direct interaction with
the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
In order to incorporate the potential (12), the Hamil-

tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
with ground-state atoms, it is frequently useful to revert
back to the atomic energy basis for the Rydberg electron,
which we do here. Since we consider only a single impu-
rity and

⇥
 ̂↵(x),  ̂�(y)

⇤
= 0, the system-environment

interaction part of (1) finally boils down to

Ĥint =
X

↵,�

Z
d
3x

Z
d
3y

⇥  ̂†
g(x) ̂

†
↵(y)U

g↵�g(x� y) ̂�(y) ̂g(x). (13)

with long range ground-state Rydberg atom interaction

U
g↵�g(x� y) = g0

h
 
(↵) ⇤(x� y) (�)(x� y)

i
. (14)
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Inserting (7) and (8) into the Hamiltonian (5) for the

state | g i then as usual gives rise to the Hamiltonian
rewritten in terms of quasiparticles

Ĥenv = EGP[�0(x)] +
X

q

✏q b̂
†
qb̂q, (10)

where EGP[�0(x)] is the Gross-Pitaevskii energy func-
tional

EGP[�0(x)] =

Z
d
3x


� ~2

2m
|r�0(x)|2

+ Eg|�0(x)|2 +
U0

2
|�0(x)|4

�
. (11)

C. System-environment interactions

The main interest is in the system-environment cou-
pling Hamiltonian Ĥcoup. Since we already dealt with
interactions of ground-state atoms in section II B and fo-
cus on at most one Rydberg excitation in the present
article, the only remaining combinations of indices kijs

in the interaction part of the Hamiltonian (1) must in-
volve one or two Rydberg indices only. We can exclude
all terms that would involve transitions between ground
and Rydberg states, due to the large energy di↵erence
and small wavefunction overlap of the impurity ground
state wavefunction and the BEC. Considering these con-
straints, the only required index sets are kijs=g↵�g and
kijs=↵gg�, which describe the interaction of a ground-
state with a Rydberg atom, possibly changing the inter-
nal state of the latter.
The dominant mechanism by which Rydberg atoms

can interact with ground-state atoms, is through elas-
tic scattering between the Rydberg electron and ground-
state atoms, once the latter venture into the Rydberg
orbit [47]. This is described by the Fermi pseudopoten-
tial

V (y + r,x) = g0�
(3)(y + r� x), (12)

where g0 = 2⇡~2ae/me [48]. Here, ae is the electron-
atom scattering length with ae < 0 for Sr and Rb andme

the electron mass. We have split the absolute position of
the Rydberg electron y+r into the location of the ion core
of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
e.g. [49], as well as the e↵ect of the direct interaction with
the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
In order to incorporate the potential (12), the Hamil-

tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
with ground-state atoms, it is frequently useful to revert
back to the atomic energy basis for the Rydberg electron,
which we do here. Since we consider only a single impu-
rity and

⇥
 ̂↵(x),  ̂�(y)

⇤
= 0, the system-environment

interaction part of (1) finally boils down to
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X

↵,�
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with long range ground-state Rydberg atom interaction
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tial state can be mapped onto one for the environment in
a vacuum initial state but adding auxiliary terms in the
system Hamiltonian.

Our results then form the basis for quite general treat-
ment of Rydberg electronic state decoherence in BEC.
For a simple case, they are validated by comparison
with conceptually more straightforward solutions of the
Gross-Pitaveskii equation in a companion article [27]. We
also show there, that the Rydberg atom in a BEC repre-
sents a particularly accessible example of an open quan-
tum system where both, the system and the environment
can be interrogated in detail. The results may have fur-
ther applications for the design of hybrid quantum tech-
nologies based on Rydberg atoms and BEC and creating
flexible quantum simulation platforms for energy trans-
port [28, 29].

BEC-phonon induced impurity decoherence has so far
been mainly studied in the context of ground-state im-
purities of a minority species [8, 17, 18, 30–38], ions [39],
or polaron formation [40]. For ground-state impurities,
spectral densities were reported in [41].

This article is organized as follows: Firstly we divide
the many-body Hamiltonian in section II into parts de-
scribing the system, the environment and the coupling
between the two. Then in section III, within an open
quantum system approach, we calculate environment cor-
relation functions as well as spectral densities and then
explore the scaling of the latter with principal quantum
number. Finally we conclude along with an outlook in
section IV. Details of calculations are provided in a
set of appendices, with the incorporation of Bogoliubov
excitations in the system environment coupling in ap-
pendix A, calculation of the ensuing coupling constants
in appendix B, transformation of a coherent state envi-
ronment into a vacuum one in appendix C, details on
correlation functions in appendix D and details on spec-
tral densities in appendix E.

II. INTERACTING MULTI-SPECIES SYSTEM

We begin with the many-body Hamiltonian Ĥ for a col-
lection of Bosonic atoms of mass m. The internal states
of the atoms are denoted by k. This label k can for ex-
ample correspond to the electronic ground-state | g i or
to a collection of Rydberg states |↵ i = | ⌫, l,m i, with
principal quantum number ⌫, angular momentum l and
azimuthal quantum number m.

Using the field operator in the Heisenberg picture
 ̂k(x), which destroys an atom at location x in inter-
nal state k, we have

Ĥ =
X

k

Z
d
3x


 ̂†

k(x)
⇣
� ~2

2m
r2 + Ek

⌘
 ̂k(x) (1)

+
1

2

X

i,j,s

Z
d
3y ̂†

k(x) ̂
†
i (y)Ukijs(x� y) ̂j(y) ̂s(x)

�
.

The first line of the Hamiltonian (1) are single particle
energies: kinetic energy and internal electronic energies
Ek. We do not consider any external potential. The sec-
ond term contains inter-atomic interactions, which may
be long range due to the presence of Rydberg states and
where we have allowed for interactions to change the in-
ternal state.
We now focus on the scenario of a single Rydberg impu-

rity that is allowed to occupy multiple electronic states,
which is embedded in a majority BEC with atoms in the
ground-state. Exploiting these constraints, we proceed
in the following sub-sections to split the general Hamilto-
nian (1) into the three pieces that enter an open quantum
system treatment [42–44], namely the sub-Hamiltonians
for the quantum-system (Rydberg atom states), the en-
vironment (BEC), and the system-environment coupling,
respectively:

Ĥ = Ĥsyst + Ĥenv + Ĥcoup. (2)

Based on this segregation, we are able to evaluate the
essential inputs for any open-quantum system approach,
which are environment correlation functions or spectral
densities.

A. Rydberg quantum system

To make the above field operator notation compati-
ble with the more usual formalism employed in Rydberg
physics, we assume a highly localized Rydberg atom, re-
stricting its position to a single, immobile spatial mode.
We thus write

 ̂↵(x) ⇡ '0(x)â
(↵)

, (3)

where â
(↵) creates a particle from the vacuum with in-

ternal state ↵ and spatial mode '0(x). For the Rydberg
atom multiple internal electronic states |↵ i = | ⌫, l,m i,
defined above, are available. In the following we shall use
the greek indices ↵, �, with |� i = | ⌫0, l0,m0 i to refer to
two such complete sets of quantum numbers.
For a single Rydberg impurity, with the identification

â
†(⌫lm)

â
(⌫0l0m0) $ | ⌫lm ih ⌫0l0m0 |, we thus reach the sim-

ple system Hamiltonian

Ĥsyst =
X

⌫lm

E⌫lm| ⌫lm ih ⌫lm |, (4)

where E⌫lm are the single atom energies corresponding
to the state | ⌫lm i, which can be found with standard
methods [45]. Since we assume a localized Rydberg atom
'0(x) ⇡ �

(3)(x � R) at rest, we will ignore its kinetic
energy operator in Eq. (1).
We shall see later, that as usual the coupling to the

BEC environment introduces energy shifts that are for-
mally best included in Ĥsyst as well, so that in ap-
pendix B 6 we define a modified system Hamiltonian
Ĥ

0
syst, see Eq. (B23a).
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B. Condensate environment

For the ground-state atoms (k = g) that form the BEC,
the Hamiltonian (1) becomes

Ĥ =

Z
d
3x


 ̂†

g(x)
⇣
� ~2

2m
r2 + Eg

⌘
 ̂g(x)

+
U0

2
 ̂†

g(x) ̂
†
g(x) ̂g(x) ̂g(x)

�
, (5)

assuming the usual s-wave contact interactions [46]

Ugggg(x� y) = U0�
(3)(x� y), (6)

with �(3) the three-dimensional delta-function and U0 =
4⇡~2as/m, where as is the s-wave atom-atom scattering
length.

We split the ground-state field operator as usual [46]

 ̂g(x) = �0(x) + �̂(x), (7)

where �0(x) 2 C is the mean-field condensate wave func-
tion and �̂(x) is the fluctuation operator which we ex-
pand as

�̂(x) =
X

q

⇣
uq(x)b̂q � v

⇤
q(x)b̂

†
q

⌘
(8)

in terms of Bogoliubov de-Gennes (BdG) excitations.
In a homogenous BEC with number density ⇢ = |�0|2,
these have mode functions uq(x) = ūq exp [iq · x]/

p
V

and vq(x) = v̄q exp [iq · x]/
p
V with bosonic creation

and destruction operators b̂
†
q and b̂q, assuming a box

quantisation volume V. Here and in the following we
use subscripts q for quantities that only depend on the
modulus of the quasi-particle wave number. In (8), the
BdG mode amplitudes are ūq = [(⇣q/✏q + 1)/2]1/2 and
v̄q = [(⇣q/✏q�1)/2]1/2, with ⇣q = ✏q+⇢U0, where q = |q|
and

✏q = ~!q =

s
~2q2
2m

✓
~2q2
2m

+ 2U0⇢

◆
(9)

are the BdG mode energies. The BdG amplitudes fulfil
ū
2
q � v̄

2
q = 1 and limq!1 ūq = 1, limq!1 v̄q = 0 with

limq!0 ūq � v̄q = 0.
Inserting (7) and (8) into the Hamiltonian (5) for the

state | g i then as usual gives rise to the Hamiltonian
rewritten in terms of quasiparticles

Ĥenv = EGP[�0(x)] +
X

q

✏q b̂
†
qb̂q, (10)

where EGP[�0(x)] is the Gross-Pitaevskii energy func-
tional

EGP[�0(x)] =

Z
d
3x


� ~2

2m
|r�0(x)|2

+ Eg|�0(x)|2 +
U0

2
|�0(x)|4

�
. (11)

C. System-environment interactions

The main interest is in the system-environment cou-
pling Hamiltonian Ĥcoup. Since we already dealt with
interactions of ground-state atoms in section II B and fo-
cus on at most one Rydberg excitation in the present
article, the only remaining combinations of indices kijs

in the interaction part of the Hamiltonian (1) must in-
volve one or two Rydberg indices only. We can exclude
all terms that would involve transitions between ground
and Rydberg states, due to the large energy di↵erence
and small wavefunction overlap of the impurity ground
state wavefunction and the BEC. Considering these con-
straints, the only required index sets are kijs=g↵�g and
kijs=↵gg�, which describe the interaction of a ground-
state with a Rydberg atom, possibly changing the inter-
nal state of the latter.
The dominant mechanism by which Rydberg atoms

can interact with ground-state atoms, is through elas-
tic scattering between the Rydberg electron and ground-
state atoms, once the latter venture into the Rydberg
orbit [47]. This is described by the Fermi pseudopoten-
tial

V (y + r,x) = g0�
(3)(y + r� x), (12)

where g0 = 2⇡~2ae/me [48]. Here, ae is the electron-
atom scattering length with ae < 0 for Sr and Rb andme

the electron mass. We have split the absolute position of
the Rydberg electron y+r into the location of the ion core
of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
e.g. [49], as well as the e↵ect of the direct interaction with
the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
In order to incorporate the potential (12), the Hamil-

tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
with ground-state atoms, it is frequently useful to revert
back to the atomic energy basis for the Rydberg electron,
which we do here. Since we consider only a single impu-
rity and

⇥
 ̂↵(x),  ̂�(y)

⇤
= 0, the system-environment

interaction part of (1) finally boils down to

Ĥint =
X

↵,�

Z
d
3x

Z
d
3y

⇥  ̂†
g(x) ̂

†
↵(y)U

g↵�g(x� y) ̂�(y) ̂g(x). (13)

with long range ground-state Rydberg atom interaction

U
g↵�g(x� y) = g0

h
 
(↵) ⇤(x� y) (�)(x� y)

i
. (14)
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of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
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the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
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tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can

+
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tial state can be mapped onto one for the environment in
a vacuum initial state but adding auxiliary terms in the
system Hamiltonian.

Our results then form the basis for quite general treat-
ment of Rydberg electronic state decoherence in BEC.
For a simple case, they are validated by comparison
with conceptually more straightforward solutions of the
Gross-Pitaveskii equation in a companion article [27]. We
also show there, that the Rydberg atom in a BEC repre-
sents a particularly accessible example of an open quan-
tum system where both, the system and the environment
can be interrogated in detail. The results may have fur-
ther applications for the design of hybrid quantum tech-
nologies based on Rydberg atoms and BEC and creating
flexible quantum simulation platforms for energy trans-
port [28, 29].

BEC-phonon induced impurity decoherence has so far
been mainly studied in the context of ground-state im-
purities of a minority species [8, 17, 18, 30–38], ions [39],
or polaron formation [40]. For ground-state impurities,
spectral densities were reported in [41].

This article is organized as follows: Firstly we divide
the many-body Hamiltonian in section II into parts de-
scribing the system, the environment and the coupling
between the two. Then in section III, within an open
quantum system approach, we calculate environment cor-
relation functions as well as spectral densities and then
explore the scaling of the latter with principal quantum
number. Finally we conclude along with an outlook in
section IV. Details of calculations are provided in a
set of appendices, with the incorporation of Bogoliubov
excitations in the system environment coupling in ap-
pendix A, calculation of the ensuing coupling constants
in appendix B, transformation of a coherent state envi-
ronment into a vacuum one in appendix C, details on
correlation functions in appendix D and details on spec-
tral densities in appendix E.

II. INTERACTING MULTI-SPECIES SYSTEM

We begin with the many-body Hamiltonian Ĥ for a col-
lection of Bosonic atoms of mass m. The internal states
of the atoms are denoted by k. This label k can for ex-
ample correspond to the electronic ground-state | g i or
to a collection of Rydberg states |↵ i = | ⌫, l,m i, with
principal quantum number ⌫, angular momentum l and
azimuthal quantum number m.

Using the field operator in the Heisenberg picture
 ̂k(x), which destroys an atom at location x in inter-
nal state k, we have

Ĥ =
X

k

Z
d
3x


 ̂†

k(x)
⇣
� ~2

2m
r2 + Ek

⌘
 ̂k(x) (1)

+
1

2

X

i,j,s

Z
d
3y ̂†

k(x) ̂
†
i (y)Ukijs(x� y) ̂j(y) ̂s(x)

�
.

The first line of the Hamiltonian (1) are single particle
energies: kinetic energy and internal electronic energies
Ek. We do not consider any external potential. The sec-
ond term contains inter-atomic interactions, which may
be long range due to the presence of Rydberg states and
where we have allowed for interactions to change the in-
ternal state.
We now focus on the scenario of a single Rydberg impu-

rity that is allowed to occupy multiple electronic states,
which is embedded in a majority BEC with atoms in the
ground-state. Exploiting these constraints, we proceed
in the following sub-sections to split the general Hamilto-
nian (1) into the three pieces that enter an open quantum
system treatment [42–44], namely the sub-Hamiltonians
for the quantum-system (Rydberg atom states), the en-
vironment (BEC), and the system-environment coupling,
respectively:

Ĥ = Ĥsyst + Ĥenv + Ĥcoup. (2)

Based on this segregation, we are able to evaluate the
essential inputs for any open-quantum system approach,
which are environment correlation functions or spectral
densities.

A. Rydberg quantum system

To make the above field operator notation compati-
ble with the more usual formalism employed in Rydberg
physics, we assume a highly localized Rydberg atom, re-
stricting its position to a single, immobile spatial mode.
We thus write

 ̂↵(x) ⇡ '0(x)â
(↵)

, (3)

where â
(↵) creates a particle from the vacuum with in-

ternal state ↵ and spatial mode '0(x). For the Rydberg
atom multiple internal electronic states |↵ i = | ⌫, l,m i,
defined above, are available. In the following we shall use
the greek indices ↵, �, with |� i = | ⌫0, l0,m0 i to refer to
two such complete sets of quantum numbers.
For a single Rydberg impurity, with the identification

â
†(⌫lm)

â
(⌫0l0m0) $ | ⌫lm ih ⌫0l0m0 |, we thus reach the sim-

ple system Hamiltonian

Ĥsyst =
X

⌫lm

E⌫lm| ⌫lm ih ⌫lm |, (4)

where E⌫lm are the single atom energies corresponding
to the state | ⌫lm i, which can be found with standard
methods [45]. Since we assume a localized Rydberg atom
'0(x) ⇡ �

(3)(x � R) at rest, we will ignore its kinetic
energy operator in Eq. (1).
We shall see later, that as usual the coupling to the

BEC environment introduces energy shifts that are for-
mally best included in Ĥsyst as well, so that in ap-
pendix B 6 we define a modified system Hamiltonian
Ĥ

0
syst, see Eq. (B23a).
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B. Condensate environment

For the ground-state atoms (k = g) that form the BEC,
the Hamiltonian (1) becomes

Ĥ =

Z
d
3x


 ̂†

g(x)
⇣
� ~2

2m
r2 + Eg

⌘
 ̂g(x)

+
U0

2
 ̂†

g(x) ̂
†
g(x) ̂g(x) ̂g(x)

�
, (5)

assuming the usual s-wave contact interactions [46]

Ugggg(x� y) = U0�
(3)(x� y), (6)

with �(3) the three-dimensional delta-function and U0 =
4⇡~2as/m, where as is the s-wave atom-atom scattering
length.

We split the ground-state field operator as usual [46]

 ̂g(x) = �0(x) + �̂(x), (7)

where �0(x) 2 C is the mean-field condensate wave func-
tion and �̂(x) is the fluctuation operator which we ex-
pand as

�̂(x) =
X

q

⇣
uq(x)b̂q � v

⇤
q(x)b̂

†
q

⌘
(8)

in terms of Bogoliubov de-Gennes (BdG) excitations.
In a homogenous BEC with number density ⇢ = |�0|2,
these have mode functions uq(x) = ūq exp [iq · x]/

p
V

and vq(x) = v̄q exp [iq · x]/
p
V with bosonic creation

and destruction operators b̂
†
q and b̂q, assuming a box

quantisation volume V. Here and in the following we
use subscripts q for quantities that only depend on the
modulus of the quasi-particle wave number. In (8), the
BdG mode amplitudes are ūq = [(⇣q/✏q + 1)/2]1/2 and
v̄q = [(⇣q/✏q�1)/2]1/2, with ⇣q = ✏q+⇢U0, where q = |q|
and

✏q = ~!q =

s
~2q2
2m

✓
~2q2
2m

+ 2U0⇢

◆
(9)

are the BdG mode energies. The BdG amplitudes fulfil
ū
2
q � v̄

2
q = 1 and limq!1 ūq = 1, limq!1 v̄q = 0 with

limq!0 ūq � v̄q = 0.
Inserting (7) and (8) into the Hamiltonian (5) for the

state | g i then as usual gives rise to the Hamiltonian
rewritten in terms of quasiparticles

Ĥenv = EGP[�0(x)] +
X

q

✏q b̂
†
qb̂q, (10)

where EGP[�0(x)] is the Gross-Pitaevskii energy func-
tional

EGP[�0(x)] =

Z
d
3x


� ~2

2m
|r�0(x)|2

+ Eg|�0(x)|2 +
U0

2
|�0(x)|4

�
. (11)

C. System-environment interactions

The main interest is in the system-environment cou-
pling Hamiltonian Ĥcoup. Since we already dealt with
interactions of ground-state atoms in section II B and fo-
cus on at most one Rydberg excitation in the present
article, the only remaining combinations of indices kijs

in the interaction part of the Hamiltonian (1) must in-
volve one or two Rydberg indices only. We can exclude
all terms that would involve transitions between ground
and Rydberg states, due to the large energy di↵erence
and small wavefunction overlap of the impurity ground
state wavefunction and the BEC. Considering these con-
straints, the only required index sets are kijs=g↵�g and
kijs=↵gg�, which describe the interaction of a ground-
state with a Rydberg atom, possibly changing the inter-
nal state of the latter.
The dominant mechanism by which Rydberg atoms

can interact with ground-state atoms, is through elas-
tic scattering between the Rydberg electron and ground-
state atoms, once the latter venture into the Rydberg
orbit [47]. This is described by the Fermi pseudopoten-
tial

V (y + r,x) = g0�
(3)(y + r� x), (12)

where g0 = 2⇡~2ae/me [48]. Here, ae is the electron-
atom scattering length with ae < 0 for Sr and Rb andme

the electron mass. We have split the absolute position of
the Rydberg electron y+r into the location of the ion core
of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
e.g. [49], as well as the e↵ect of the direct interaction with
the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
In order to incorporate the potential (12), the Hamil-

tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
with ground-state atoms, it is frequently useful to revert
back to the atomic energy basis for the Rydberg electron,
which we do here. Since we consider only a single impu-
rity and

⇥
 ̂↵(x),  ̂�(y)

⇤
= 0, the system-environment

interaction part of (1) finally boils down to

Ĥint =
X

↵,�

Z
d
3x

Z
d
3y

⇥  ̂†
g(x) ̂

†
↵(y)U

g↵�g(x� y) ̂�(y) ̂g(x). (13)

with long range ground-state Rydberg atom interaction

U
g↵�g(x� y) = g0

h
 
(↵) ⇤(x� y) (�)(x� y)

i
. (14)
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)

2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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Crucially, this pattern is di↵erent for di↵erent electronic
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state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)

2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now

Spin coherence ̂ρred = Trℰ[ |Ψtot⟩⟨Ψtot | ]

2

| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
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Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
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as discussed in the SI [39], we find for short times
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
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Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]
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where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]
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where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)
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, Tdc =
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]
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where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]
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where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with
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⌦mw
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)
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�2q/(2~)
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now

Spin coherence ̂ρred = Trℰ[ |Ψtot⟩⟨Ψtot | ]
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]
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where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)

2

, Tdc =
⇣X
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with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw
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⇣
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⌘
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The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
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Tdc
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, Tdc =
⇣X

q

�2q/(2~)
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. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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be well treated with a mean-field approach [44]. We
now show that decoherence in that case is captured
by a combination of these individual condensate mean-
field solutions. Based on the block-decomposition of the
many-body Hamiltonian for ⌦mw = 0, we know that
for each block separately, the BEC evolution can be de-
scribed using the Gross-Pitaevskii equation (GPE). We
thus write the many-body wavefunction for the Bose gas
as hX | ↵(t) i =

QN
k '↵(xk), for ↵ 2 {", #}, where

X 2 R3N groups all atomic positions, while xk are those
of atom k only. Thus for a fixed Rydberg state ↵, all
ground-state atoms are in the same single particle state
|'↵ i, while through Eq. (3) this single particle state is
entangled with the impurity state.

FIG. 2: Environment evolution. (a) The di↵erence �% =
%ms(r) � %inc(r) in Eq. (8) of BEC column densities for two
scenarios, where %inc = (%"+%#)/2 is a random mixture of the
patterns imprinted by a | s i = | # i or | p i = | " i Rydberg state
at ⌫ = 80, while for %ms the BEC is in a mesoscopic super-
position of these two patterns. (b) As reference we show %inc
alone, relative to the background value %0 = 1.206⇥103µm�2.
The inset shows the Rydberg coherence factor |r(t)| between
| s i and | p i, with |r(t)| from the SBM in Eq. (5) (green dot-
ted), from GPE orbital overlap in Eq. (7) (black) and the
spatial maximum s(t) = maxr �%(r, t) (red solid line) peak-
ing at t = 0.128 µs used in (a,b) (blue vertical line).

If there is an impurity in the state |↵ i located at r = 0,
the three-dimensional (3D) GPE reads [9, 26, 27, 44, 45]:

i~ @
@t
�↵(r) =

✓
� ~2

2m
r2 + U0|�↵(r)|2 + g0| (↵)(r)|2

◆
�↵(r),

(6)

where  (↵) is the Rydberg electron wave-function of the
impurity and �↵ =

p
N'↵ the BEC mean-field wave-

function.
With the separate mean-field Ansatz for each impurity

state discussed above, the coherence factor becomes

|rGPE(t)| =

�����

✓Z
d
3r �⇤"(r)�#(r)/N

◆N
����� . (7)

We can show analytically that (7) and (5) should agree
for short times [34], and numerically verify this [46] for
all relevant times in the inset of Fig. 2 (b), using XMDS
[47, 48].
This establishes the intuitive picture of coherence tied

to the overlapp of mean-field wavefunctions and further
provides a practical method to evaluate r(t) and a ver-
ification of the calculations in Ref. [31] that underpin
Eq. (5). Beyond the present context, Eq. (7) can provide
a useful way for calculating internal impurity decoherence
times, as long as impurity BEC interactions are amenable
to mean-field theory.
Signature of system-environment entanglement: The
build up of entanglement between system and environ-
ment is responsible for the observed decoherence of the
system. This entanglement is encoded in the total state
of system and environment. Going much beyond a stan-
dard observation of decoherence, the Rydberg-BEC plat-
form gives access to the mesoscopically entangled state
| tot(t) i in Eq. (3) by inspection of the environment.
To make this visible, the experiment must first transform
the system-environment entanglement into an entangled
state involving only the environment, by bringing the Ry-
dberg impurity quickly from |+ i into | # i and then de-
exciting it to a ground-state after some variable time t of
evolution. This leaves the BEC in the mesoscopic super-
position state | ms(t) i = A[| "(t) i + | #(t) i], where
A = 1/

p
2(1 + Re[h "(t) | #(t) i] normalizes the many-

body state. This state shows characteristic features in
the corresponding total density %ms(r). To extract them,
we take the di↵erence �% = %ms(r) � %inc(r) compared
to the total density %inc(r) one would measure if the Ry-
dberg spin was in a classical mixture and find [34]

�%(r) =

✓
A

2 � 1

2

◆
(%" + %#)

+A
2

 
N

'
⇤
"(r)'#(r)R

d3x'⇤
"(x)'#(x)

r(t) + c.c.

!
, (8)

Here, A = 1/
p
2(1 + Re[r(t)]) is a normalisation factor

and %" (%#) the total density in the presence of just the
spin | " i (| # i). Clearly �%(r) is directly related to r(t).
We assess the observability of this signature in Fig. 2,

showing the column density relevant for experiments,
which is obtained by integrating (8) over the y-direction,
with quantisation axis along z. In the inset we show the
maximum s(t) of �%(r) as red curve. While the signal is
only a fraction 10�3 of the bulk density, it might be ac-
cessible using high sensitivity density measurements [49]
or electron microscopy [50], and we are not aware of more
prominent corresponding signals in other settings.
It can be seen that s(t) builds up initially but disap-

pears again once decoherence is complete. We can un-
derstand this, since the coherence factor |r(t)| in Eq. (4)
is linked to the overlap of the two BEC states, which
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We now insert the definition (S1) of (↵↵)q and the de-
tailed form of BdG modes, to obtain

�↵(x, t) = �0(x)
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In this step we have also converted the sum
P

q into a

continuum integration using
P

q !
R
d3q V

(2⇡)3 as usual.

In the last step we use that
R
d3qeiq(x�y) =

(2⇡)�(3)(x� y) and | (↵)(x)|2 = | (↵)(�x)|2 to write

�↵(x, t) =
p
⇢� it

g0
~
p
⇢ | (↵)(x)|2(ū2

q � v̄2q), (S24)

which thanks to ū2
q � v̄2q = 1 co-incides with (S10). We

have thus shown that the time-evolution of Bogoliubov
operators in the SBM reproduces the same mean-field
evolution that we would expect from the GPE as long
as the Rydberg impurity is in a specific quantum state.

Signatures of environmental superposition state
in single particle observables: Consider a N -particle
BEC in the mesoscopic superposition state | ms i =
A[| " i + | # i]. Here A = 1/

p
2(1 + Re[h " | # i] is

a normalisation factor, since we do not require the states
| " i and | # i to be orthogonal (in particular at t = 0,
we know that they are identical, equal to the BEC initial
state). As described in the main text, the block structure
of the Hamiltonian justifies the product ansatz

hX | ↵(t) i =
NY

k

'↵(xk), (S25)

with ↵ 2 {", #} and '" not necessarily orthogonal to
'#, for each of the two components of the superposition
separately.

We now determine the diagonal of the one-body den-
sity matrix, i.e. the total particle density, %ms(r) from the
state above, using

%ms(r) = N

Z
d3x2 · · ·

Z
d3xN | ms(r,x2, · · · ,xN )|2,

(S26)

where  ms(x1,x2, · · · ,xN ) = hX | ms i is the position-
space representation of the many-body state, and we have
used the fact that as a Bosonic state, | ms i must be
symmetric under exchange of any two particles.
Let also us define the total atom density in the many-

body state | " i by %"(r) and similarly for #. Inserting
the product ansatz (S25) for the two pieces, we then ob-
tain

%ms(r) = A2
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In the last line we have inserted
R
d3x'⇤

"(x)'#(x)R
d3x'⇤

"(x)'#(r)
in order

to obtain an expression in terms of r(t).
It is clear, that in a statistical 50/50 mixture ⇢̂ =

(| " ih " |+| # ih # |)/2, the total atom density would
be %inc = (%" + %#)/2. We finally define the di↵erence
�%(r) = %ms � %inc, and obtain the result of Eq. (6) in
the main text.
An experimentally observable manifestation of this is

shown in Fig. 2 of the main article. It can be seen that
s(t) builds up initially but disappears again once deco-
herence is complete. We can understand this, since the
coherence factor |r(t)| in Eq. (S5) is linked to the over-
lap of the two BEC states, which quantifies how well
the BEC can “distinguish” the two available system spin
states. At t = 0, the BEC has not yet interacted with the
Rydberg impurity, hence we have | " i = | # i, the en-
vironment has no knowledge of the system and r(t) = 1.
For increasing t, h " | # i ! 0 since even a small di↵er-
ence between single body states '" and '# will cause the
many-body overlap in Eq. (7) of the main text to nearly
vanish. Then the environment can distinguish | " i and
| # i well, through Eq. (S1), and hence r(t) ! 0. It is
apparent from Eq. (6) of the main text that in these two
limits, �%(r) = 0.
Environment correlation functions and spec-

tral densities: The dynamics of an open quantum
system is entirely determined by all environment cor-
relation functions, here C(⌧) = hÊz(⌧)Êz(0)i, where
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We now insert the definition (S1) of (↵↵)q and the de-
tailed form of BdG modes, to obtain
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ūqe

iqx + v̄qe
�iqx

⇤
. (S23)

In this step we have also converted the sum
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q into a

continuum integration using
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which thanks to ū2
q � v̄2q = 1 co-incides with (S10). We

have thus shown that the time-evolution of Bogoliubov
operators in the SBM reproduces the same mean-field
evolution that we would expect from the GPE as long
as the Rydberg impurity is in a specific quantum state.

Signatures of environmental superposition state
in single particle observables: Consider a N -particle
BEC in the mesoscopic superposition state | ms i =
A[| " i + | # i]. Here A = 1/

p
2(1 + Re[h " | # i] is

a normalisation factor, since we do not require the states
| " i and | # i to be orthogonal (in particular at t = 0,
we know that they are identical, equal to the BEC initial
state). As described in the main text, the block structure
of the Hamiltonian justifies the product ansatz

hX | ↵(t) i =
NY

k

'↵(xk), (S25)

with ↵ 2 {", #} and '" not necessarily orthogonal to
'#, for each of the two components of the superposition
separately.

We now determine the diagonal of the one-body den-
sity matrix, i.e. the total particle density, %ms(r) from the
state above, using
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where  ms(x1,x2, · · · ,xN ) = hX | ms i is the position-
space representation of the many-body state, and we have
used the fact that as a Bosonic state, | ms i must be
symmetric under exchange of any two particles.
Let also us define the total atom density in the many-

body state | " i by %"(r) and similarly for #. Inserting
the product ansatz (S25) for the two pieces, we then ob-
tain
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In the last line we have inserted
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in order

to obtain an expression in terms of r(t).
It is clear, that in a statistical 50/50 mixture ⇢̂ =

(| " ih " |+| # ih # |)/2, the total atom density would
be %inc = (%" + %#)/2. We finally define the di↵erence
�%(r) = %ms � %inc, and obtain the result of Eq. (6) in
the main text.
An experimentally observable manifestation of this is

shown in Fig. 2 of the main article. It can be seen that
s(t) builds up initially but disappears again once deco-
herence is complete. We can understand this, since the
coherence factor |r(t)| in Eq. (S5) is linked to the over-
lap of the two BEC states, which quantifies how well
the BEC can “distinguish” the two available system spin
states. At t = 0, the BEC has not yet interacted with the
Rydberg impurity, hence we have | " i = | # i, the en-
vironment has no knowledge of the system and r(t) = 1.
For increasing t, h " | # i ! 0 since even a small di↵er-
ence between single body states '" and '# will cause the
many-body overlap in Eq. (7) of the main text to nearly
vanish. Then the environment can distinguish | " i and
| # i well, through Eq. (S1), and hence r(t) ! 0. It is
apparent from Eq. (6) of the main text that in these two
limits, �%(r) = 0.
Environment correlation functions and spec-

tral densities: The dynamics of an open quantum
system is entirely determined by all environment cor-
relation functions, here C(⌧) = hÊz(⌧)Êz(0)i, where
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be well treated with a mean-field approach [44]. We
now show that decoherence in that case is captured
by a combination of these individual condensate mean-
field solutions. Based on the block-decomposition of the
many-body Hamiltonian for ⌦mw = 0, we know that
for each block separately, the BEC evolution can be de-
scribed using the Gross-Pitaevskii equation (GPE). We
thus write the many-body wavefunction for the Bose gas
as hX | ↵(t) i =

QN
k '↵(xk), for ↵ 2 {", #}, where

X 2 R3N groups all atomic positions, while xk are those
of atom k only. Thus for a fixed Rydberg state ↵, all
ground-state atoms are in the same single particle state
|'↵ i, while through Eq. (3) this single particle state is
entangled with the impurity state.

FIG. 2: Environment evolution. (a) The di↵erence �% =
%ms(r) � %inc(r) in Eq. (8) of BEC column densities for two
scenarios, where %inc = (%"+%#)/2 is a random mixture of the
patterns imprinted by a | s i = | # i or | p i = | " i Rydberg state
at ⌫ = 80, while for %ms the BEC is in a mesoscopic super-
position of these two patterns. (b) As reference we show %inc
alone, relative to the background value %0 = 1.206⇥103µm�2.
The inset shows the Rydberg coherence factor |r(t)| between
| s i and | p i, with |r(t)| from the SBM in Eq. (5) (green dot-
ted), from GPE orbital overlap in Eq. (7) (black) and the
spatial maximum s(t) = maxr �%(r, t) (red solid line) peak-
ing at t = 0.128 µs used in (a,b) (blue vertical line).

If there is an impurity in the state |↵ i located at r = 0,
the three-dimensional (3D) GPE reads [9, 26, 27, 44, 45]:

i~ @
@t
�↵(r) =

✓
� ~2

2m
r2 + U0|�↵(r)|2 + g0| (↵)(r)|2

◆
�↵(r),

(6)

where  (↵) is the Rydberg electron wave-function of the
impurity and �↵ =

p
N'↵ the BEC mean-field wave-

function.
With the separate mean-field Ansatz for each impurity

state discussed above, the coherence factor becomes

|rGPE(t)| =

�����

✓Z
d
3r �⇤"(r)�#(r)/N

◆N
����� . (7)

We can show analytically that (7) and (5) should agree
for short times [34], and numerically verify this [46] for
all relevant times in the inset of Fig. 2 (b), using XMDS
[47, 48].
This establishes the intuitive picture of coherence tied

to the overlapp of mean-field wavefunctions and further
provides a practical method to evaluate r(t) and a ver-
ification of the calculations in Ref. [31] that underpin
Eq. (5). Beyond the present context, Eq. (7) can provide
a useful way for calculating internal impurity decoherence
times, as long as impurity BEC interactions are amenable
to mean-field theory.
Signature of system-environment entanglement: The
build up of entanglement between system and environ-
ment is responsible for the observed decoherence of the
system. This entanglement is encoded in the total state
of system and environment. Going much beyond a stan-
dard observation of decoherence, the Rydberg-BEC plat-
form gives access to the mesoscopically entangled state
| tot(t) i in Eq. (3) by inspection of the environment.
To make this visible, the experiment must first transform
the system-environment entanglement into an entangled
state involving only the environment, by bringing the Ry-
dberg impurity quickly from |+ i into | # i and then de-
exciting it to a ground-state after some variable time t of
evolution. This leaves the BEC in the mesoscopic super-
position state | ms(t) i = A[| "(t) i + | #(t) i], where
A = 1/

p
2(1 + Re[h "(t) | #(t) i] normalizes the many-

body state. This state shows characteristic features in
the corresponding total density %ms(r). To extract them,
we take the di↵erence �% = %ms(r) � %inc(r) compared
to the total density %inc(r) one would measure if the Ry-
dberg spin was in a classical mixture and find [34]
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!
, (8)

Here, A = 1/
p
2(1 + Re[r(t)]) is a normalisation factor

and %" (%#) the total density in the presence of just the
spin | " i (| # i). Clearly �%(r) is directly related to r(t).
We assess the observability of this signature in Fig. 2,

showing the column density relevant for experiments,
which is obtained by integrating (8) over the y-direction,
with quantisation axis along z. In the inset we show the
maximum s(t) of �%(r) as red curve. While the signal is
only a fraction 10�3 of the bulk density, it might be ac-
cessible using high sensitivity density measurements [49]
or electron microscopy [50], and we are not aware of more
prominent corresponding signals in other settings.
It can be seen that s(t) builds up initially but disap-

pears again once decoherence is complete. We can un-
derstand this, since the coherence factor |r(t)| in Eq. (4)
is linked to the overlap of the two BEC states, which
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We now insert the definition (S1) of (↵↵)q and the de-
tailed form of BdG modes, to obtain
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In this step we have also converted the sum
P

q into a

continuum integration using
P

q !
R
d3q V

(2⇡)3 as usual.

In the last step we use that
R
d3qeiq(x�y) =

(2⇡)�(3)(x� y) and | (↵)(x)|2 = | (↵)(�x)|2 to write
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which thanks to ū2
q � v̄2q = 1 co-incides with (S10). We

have thus shown that the time-evolution of Bogoliubov
operators in the SBM reproduces the same mean-field
evolution that we would expect from the GPE as long
as the Rydberg impurity is in a specific quantum state.

Signatures of environmental superposition state
in single particle observables: Consider a N -particle
BEC in the mesoscopic superposition state | ms i =
A[| " i + | # i]. Here A = 1/

p
2(1 + Re[h " | # i] is

a normalisation factor, since we do not require the states
| " i and | # i to be orthogonal (in particular at t = 0,
we know that they are identical, equal to the BEC initial
state). As described in the main text, the block structure
of the Hamiltonian justifies the product ansatz

hX | ↵(t) i =
NY

k

'↵(xk), (S25)

with ↵ 2 {", #} and '" not necessarily orthogonal to
'#, for each of the two components of the superposition
separately.

We now determine the diagonal of the one-body den-
sity matrix, i.e. the total particle density, %ms(r) from the
state above, using

%ms(r) = N

Z
d3x2 · · ·

Z
d3xN | ms(r,x2, · · · ,xN )|2,

(S26)

where  ms(x1,x2, · · · ,xN ) = hX | ms i is the position-
space representation of the many-body state, and we have
used the fact that as a Bosonic state, | ms i must be
symmetric under exchange of any two particles.
Let also us define the total atom density in the many-

body state | " i by %"(r) and similarly for #. Inserting
the product ansatz (S25) for the two pieces, we then ob-
tain

%ms(r) = A2
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In the last line we have inserted
R
d3x'⇤

"(x)'#(x)R
d3x'⇤

"(x)'#(r)
in order

to obtain an expression in terms of r(t).
It is clear, that in a statistical 50/50 mixture ⇢̂ =

(| " ih " |+| # ih # |)/2, the total atom density would
be %inc = (%" + %#)/2. We finally define the di↵erence
�%(r) = %ms � %inc, and obtain the result of Eq. (6) in
the main text.
An experimentally observable manifestation of this is

shown in Fig. 2 of the main article. It can be seen that
s(t) builds up initially but disappears again once deco-
herence is complete. We can understand this, since the
coherence factor |r(t)| in Eq. (S5) is linked to the over-
lap of the two BEC states, which quantifies how well
the BEC can “distinguish” the two available system spin
states. At t = 0, the BEC has not yet interacted with the
Rydberg impurity, hence we have | " i = | # i, the en-
vironment has no knowledge of the system and r(t) = 1.
For increasing t, h " | # i ! 0 since even a small di↵er-
ence between single body states '" and '# will cause the
many-body overlap in Eq. (7) of the main text to nearly
vanish. Then the environment can distinguish | " i and
| # i well, through Eq. (S1), and hence r(t) ! 0. It is
apparent from Eq. (6) of the main text that in these two
limits, �%(r) = 0.
Environment correlation functions and spec-

tral densities: The dynamics of an open quantum
system is entirely determined by all environment cor-
relation functions, here C(⌧) = hÊz(⌧)Êz(0)i, where
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We now insert the definition (S1) of (↵↵)q and the de-
tailed form of BdG modes, to obtain
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In this step we have also converted the sum
P

q into a

continuum integration using
P

q !
R
d3q V

(2⇡)3 as usual.

In the last step we use that
R
d3qeiq(x�y) =

(2⇡)�(3)(x� y) and | (↵)(x)|2 = | (↵)(�x)|2 to write

�↵(x, t) =
p
⇢� it

g0
~
p
⇢ | (↵)(x)|2(ū2
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which thanks to ū2
q � v̄2q = 1 co-incides with (S10). We

have thus shown that the time-evolution of Bogoliubov
operators in the SBM reproduces the same mean-field
evolution that we would expect from the GPE as long
as the Rydberg impurity is in a specific quantum state.

Signatures of environmental superposition state
in single particle observables: Consider a N -particle
BEC in the mesoscopic superposition state | ms i =
A[| " i + | # i]. Here A = 1/

p
2(1 + Re[h " | # i] is

a normalisation factor, since we do not require the states
| " i and | # i to be orthogonal (in particular at t = 0,
we know that they are identical, equal to the BEC initial
state). As described in the main text, the block structure
of the Hamiltonian justifies the product ansatz

hX | ↵(t) i =
NY

k

'↵(xk), (S25)

with ↵ 2 {", #} and '" not necessarily orthogonal to
'#, for each of the two components of the superposition
separately.

We now determine the diagonal of the one-body den-
sity matrix, i.e. the total particle density, %ms(r) from the
state above, using

%ms(r) = N
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d3x2 · · ·
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d3xN | ms(r,x2, · · · ,xN )|2,
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where  ms(x1,x2, · · · ,xN ) = hX | ms i is the position-
space representation of the many-body state, and we have
used the fact that as a Bosonic state, | ms i must be
symmetric under exchange of any two particles.
Let also us define the total atom density in the many-

body state | " i by %"(r) and similarly for #. Inserting
the product ansatz (S25) for the two pieces, we then ob-
tain
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to obtain an expression in terms of r(t).
It is clear, that in a statistical 50/50 mixture ⇢̂ =

(| " ih " |+| # ih # |)/2, the total atom density would
be %inc = (%" + %#)/2. We finally define the di↵erence
�%(r) = %ms � %inc, and obtain the result of Eq. (6) in
the main text.
An experimentally observable manifestation of this is

shown in Fig. 2 of the main article. It can be seen that
s(t) builds up initially but disappears again once deco-
herence is complete. We can understand this, since the
coherence factor |r(t)| in Eq. (S5) is linked to the over-
lap of the two BEC states, which quantifies how well
the BEC can “distinguish” the two available system spin
states. At t = 0, the BEC has not yet interacted with the
Rydberg impurity, hence we have | " i = | # i, the en-
vironment has no knowledge of the system and r(t) = 1.
For increasing t, h " | # i ! 0 since even a small di↵er-
ence between single body states '" and '# will cause the
many-body overlap in Eq. (7) of the main text to nearly
vanish. Then the environment can distinguish | " i and
| # i well, through Eq. (S1), and hence r(t) ! 0. It is
apparent from Eq. (6) of the main text that in these two
limits, �%(r) = 0.
Environment correlation functions and spec-

tral densities: The dynamics of an open quantum
system is entirely determined by all environment cor-
relation functions, here C(⌧) = hÊz(⌧)Êz(0)i, where
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2

⇣
b̃q(⌧) + b̃†q(⌧)

⌘
is the environmental

part of the system-bath coupling in the Heisenberg pic-
ture. One can equivalently use spectral densities J(!) =

(minus)

BEC column densities in 
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| s i = | ⌫(l = 0) i ⌘ | # i and | p i = | ⌫(l = 1,m = 0) i ⌘
| " i. In either state, hundreds of condensate atoms are
located within the Rydberg electron orbit, see Fig. 1. In-
teractions of these atoms with the electron then imprint
a macroscopic phase pattern onto the condensate [28].
Crucially, this pattern is di↵erent for di↵erent electronic
states [29], hence the condensate environment entangles
with the Rydberg impurity qubit , causing decoherence
of the latter .

We will demonstrate that the proposed platform is ex-
ceptionally well suited to interrogate the intertwined dy-
namics of the qubit and its environment that lead to de-
ocherence: (i) qubit decoherence is accessible by Ramsey
microwave interferometry [30–32]. (ii) Absorption images
show the transient build-up of the mesoscopically entan-
gled state causing decoherence. (iii) One can then push
the platform towards highly nontrivial, non-Markovian
quantum many-body dynamics, where observations will
challenge the best numerical techniques available. We
expect that such studies provide new insights into avoid-
ing decoherence or exploiting it for quantum technologies
[3–5] .
Interactions between qubit and environment: We have
shown in [33], starting from the many-body Hamilto-
nian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [34–38] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [33, 39]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions [39,
40],  (↵)(x) the Rydberg electron wave-function in state
↵ and uq(x), vq(x) BdG mode functions.
Qubit decoherence: As a prelude to interface imaging in
the next section, we now first focus on decoherence of
the qubit itself, which already allows us to predict the

time-scales of an experiment. These will turn out highly
tunable, which will be essential for practical implemen-
tation. To estimate the decoherence time-scale, it is suf-
ficient to consider the simple scenario when there is no
coupling between the two spin states, implying ⌦mw = 0.
Thus, while we assume a micro-wave is adiabatically

followed to create the superposition qubit state |� i with
c# = c" = 1/

p
2, which we call |+ i, the microwave

should then subsequently be switched out. We can
hence study the Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " |⌦Ĥph,"+| # ih # |⌦Ĥph,#, where

Ĥph,#/" pertain to the environment (phonon) space only.
Hence also the time-evolution can be separately found
in each of those blocks, yielding a global time-evolution
operator Û = | " ih " | ⌦ Ûph," + | # ih # | ⌦ Ûph,#, where

Ûph," (Ûph,#) denotes a unitary operator that acts on
BdG modes only, for the case that the system is in the
| " i (| # i) state. The above Û implies a time-evolved
state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the qubit
while | ",#(t) i describe the remaining environment only.
For a state of the bipartite form (3), the coherence be-
tween | " i and | # i in the reduced density matrix for the
qubit is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [39], we find for short times

|r(t)| ⇡ e
�(t/Tdc)

2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [33], we find from (5) that Tdc can be
tuned from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at
⌫ = 120 through choice of principal quantum number ⌫
at otherwise realistic parameters [41] .

The coherence evolution |r(t)| of the Rydberg impu-
rity is directly measurable with micro-wave Ramsey in-
terferometry [30–32]. For most of the range of Tdc above,
the process described will be faster than other decoher-
ence sources, such as black-body radiation [42], phonon-
phonon interactions [43] or atomic losses [44–46]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from environmental mean-field
dynamics: Spin coherence is intimately linked to the dy-
namics of the environment through Eq. (4). We now
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Coupling a single electron to a Bose–Einstein condensate
Jonathan B. Balewski1, Alexander T. Krupp1, Anita Gaj1, David Peter2, Hans Peter Büchler2, Robert Löw1, Sebastian Hofferberth1

& Tilman Pfau1

The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2Institut für Theoretische Physik III, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany.
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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• Combination of two extreme systems: 
Rydberg atoms and BEC:

• Tracking of Rydberg motion by BEC

2

with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g2D|�(R)|2

+

NimpX

n

V0| (R� xn)|2
◆
�(R), (1)

where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].

• Tunable open 
quantum 
system
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The coupling of electrons to matter lies at the heart of our understan-
ding of material properties such as electrical conductivity. Electron–
phonon coupling can lead to the formation of a Cooper pair out of
two repelling electrons, which forms the basis for Bardeen–Cooper–
Schrieffer superconductivity1. Here we study the interaction of a
single localized electron with a Bose–Einstein condensate and show
that the electron can excite phonons and eventually trigger a collec-
tive oscillation of the whole condensate. We find that the coupling is
surprisingly strong compared to that of ionic impurities, owing to
the more favourable mass ratio. The electron is held in place by a single
charged ionic core, forming a Rydberg bound state. This Rydberg
electron is described by a wavefunction extending to a size of up to
eight micrometres, comparable to the dimensions of the condensate.
In such a state, corresponding to a principal quantum number of
n 5 202, the Rydberg electron is interacting with several tens of
thousands of condensed atoms contained within its orbit. We observe
surprisingly long lifetimes and finite size effects caused by the elec-
tron exploring the outer regions of the condensate. We anticipate
future experiments on electron orbital imaging, the investigation
of phonon-mediated coupling of single electrons, and applications
in quantum optics.

Charged impurities were very successfully used as probes of elemen-
tary excitations in the early studies of superfluidity in liquid helium.
These applications span the interaction of ion impurities with phonons
and rotons2, the creation and study of vortex lattices by impurities3,
and the coupling of electrons to surface ripplons4. Additionally they
have been proposed for applications in quantum information5. The
emergence of Bose–Einstein condensation of alkali atoms has renewed
interest in impurity physics. Positively charged impurities in a Bose–
Einstein condensate (BEC) were first created by Penning ionization of
metastable atoms6 and photoionization7. Recently, single ion trapping8

has allowed the first study of the interaction between a single charged
impurity and a BEC in a well controlled manner. In addition to bare
losses by classical scattering, chemical reactions (both with the impurity9

as well as catalytic reactions10 mediated by the impurity) have been
observed. Alternatively, the creation of neutral spin impurities in Fermi
liquids offers tunable interaction strength with the bulk by means of a
Feshbach resonance: the character of the interaction can be changed,
from free impurities via a quasiparticle state (so-called Fermi polarons)
to bound diatomic molecules11,12.

For all such impurities, the interaction is inversely proportional to
the reduced mass of the impurity and the bulk species13. Light impuri-
ties such as electrons are therefore, in general, better suited to obtaining
strong coupling. However, electrons require an appropriate trapping
potential, because even the tiniest electric field will lead to a conside-
rable acceleration. The simplest trap for an electron offered by nature is
a positively charged nucleus. We use highly excited Rydberg states, in
which the electron is delocalized over regions up to several micrometres
from the atomic core. At these distances the binding to the core is weak
and the Rydberg electron becomes quasi-free, making it susceptible to
interaction with its environment. Nonetheless, the binding to the ionic
core is strong enough to provide sufficient trapping of the electron even
in a strongly interacting environment. In fact, Rydberg absorption series

have been observed over a range of principal quantum numbers (n)
around 30 at pressures reaching one atmosphere in 1934 (ref. 14). At such
high densities, the spatial extent of the electron wavefunction is much
larger than the mean interparticle distance, causing large interaction-
induced line shifts and broadenings. The explanation of these effects
led to the now well known Fermi pseudopotential15, which describes
the short-range interaction of the quasi-free Rydberg electron at posi-
tion r with neutral ground-state atoms at R:

Vpseudo r,Rð Þ~
2pB2a

me
d r{Rð Þ ð1Þ
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Figure 1 | Size comparison in the spatial and energy domains. a, Depending
on the Rydberg state, the electron impurity is localized in different volumes in a
BEC consisting of N 5 8 3 104 atoms. The sizes of the lowest (110S, blue) and
highest Rydberg state (202S, red) under investigation are indicated. The
densities of the BEC and the surrounding thermal cloud are to scale. The lower
bound of the blockade radius rB for the 110S state is denoted as a blue circle
in the projection. The blockade radii for the higher Rydberg states are off the
scale. b, The corresponding interaction potentials V(r) (blue and red) from
equation (2) are orders of magnitude stronger than the contribution of the
positively charged Rydberg core Rb1 (green) except for very small distances.
The mean interaction strength (black dashed lines) can be set below and above
the chemical potential m 5 745 Hz of the condensate (horizontal black line)
by choosing the Rydberg state. The healing length j 5 274 nm of the
condensate (vertical black line) is much smaller than the spatial extent of the
electron wavefunction.
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2

with xn. As discussed in [6, 22–25], we can then model
the BEC in the presence of Rydberg impurities with the
Gross-Pitaevskii equation (GPE):

i~ @

@t
�(R) =

✓
� ~2

2m
r2 +W (R) + g2D|�(R)|2

+

NimpX

n

V0| (R� xn)|2
◆
�(R), (1)

where �(R) is the condensate wave function andW (R) =
m!2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping !2

z � !r, see e.g. [26, 27], hence
g2D = g3D/(

p
2⇡�z) describes the e↵ective strength of

atomic collisions, where g3D = 4⇡~2as/m, with atom-
atom s-wave scattering length as and �z =

p
~/m!z.

The last line in (1) represents interactions between
the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and conden-
sate atoms [28]. The contribution for a single impurity
VgR,n(R) ⌘ V0| (R � xn)|2, is sketched in Fig. 1 (b).
Its strength is set by V0 = 2⇡~2ae/m containing the
electron-atom scattering length ae, and the shape is set
by the Rydberg electron density | (R � xn)|2, with
 (R) = hR | i.

We are interested in mobile impurities, hence in ad-
dition to (1), we solve Newton’s equation governing the
motion of the Rydberg impurities,

m
@2

@t2
xn = �rxnVRR(X)�rxn V̄n(xn), (2)

where VRR(X) = �
P

n>m C6(⌫)/|xn � xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coe�cient C6 taken from [29], and X = [x1, . . . ,xNimp

]T

groups all impurity positions. In addition the nth impu-
rity feels an e↵ective potential V̄n(xn) =

R
d3RV0| (R�

xn)|2|�(R)|2 from the backaction of the surrounding con-
densate [21, 23, 24] CHECK 3D ISSUES, MAKE EQN
2D .

Splitting the condensate as �(R) =
p
⇢(R)ei'(R) into

a density ⇢ and phase ', we expect that the initial
e↵ect of each impurity is simply to imprint a phase

' ⇠ �VgR,n(R)�t/~, within a short time �t, [22, 30].
As the impurity moves, a phase pattern is “painted“ over
the condensate. As we now show, this allows tracking
with the practical added benefit that quantum oscilla-
tory features in Fig. 1 (b) are averaged, so that we can
replace VgR,n(R) with a smoother classical approxima-
tion Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: We now
solve the coupled system of GPE (1) and Newton’s equa-
tions (2) for a comparatively small 2D BEC cloud, with
3D peak density at the centre of ⇢0 = 3.6 ⇥ 1019 m�3.
Five atoms are excited to ⌫ = 80 Rydberg states and

FIG. 2: Tracking Rydberg impurities in a BEC through
density or phase information. We model five ⌫ = 80 Ry-
dberg excitations in a 87Rb BEC of N = 28000 atoms in
a !r/(2⇡) = 8 Hz circular pancake trap, with transverse
strength !z/(2⇡) = 1 kHz. (a) Phase imprinted by the Ry-
dberg impurities after t = ⌧imp = 7µs. (b) The density
signal at this time is weak. (c,d) Assuming the impurities
are removed after t = 7µs, BEC evolution (1) converts the
phase signal into clear density signals on the longer time scale
⌧mov = 0.8 ms.

placed at t = 0 initially on the inner starting points of
the tracks evident in Fig. 2 (a). The panel shows the
condensate phase '(R). The final position of each atom
after an imprinting time ⌧imp = 7µs is shown by colored
circles, which are drawn with a radius matching the Ryd-
berg electron orbit rorb = 3a0⌫2/2, where a0 is the Bohr
radius. Atoms have moved outwards due to their repul-
sive vdW interactions, as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the e↵ect on the
density in panel (b) is hence almost negligible up to time
⌧imp. We are thus in the Raman-Nath regime of phase-
imprinting [31]. The imprinted phase also carries velocity
information, since it depends on how long a given loca-
tion is visited by the impurity, see [27]. This is shown in
the inset of panel (a).

Interferometric techniques can measure a condensate
phase pattern [9–13], but are not commonly available.
Fortunately, the phase tracks are converted into density
tracks through motion of the ground-state atoms (having
received an initial momentum kick from the passing Ry-
dberg impurity), on larger time scales ⌧mov, here 0.8ms,
see panels (c,d). Density depressions with 41% contrast
appear on either side of the Rydberg track, reminiscent
of gray solitons []. These can be read out through in-situ
density measurements [14–16]. A third resultant signal
after time-of-flight is discussed in [22].
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with the Gross-Pitaevskii equation (GPE):

i!
∂

∂t
φ(R) =

(

−
!2

2m
∇

2 +W (R) + g2D|φ(R)|2

+

Nimp
∑

n

V0|Ψ(R− xn)|2
)

φ(R), (1)

where φ(R) is the condensate wave function andW (R) =
mω2

r(x
2 + y2)/2 describes a two-dimensional (2D) har-

monic trap, R = [x, y]T . The third dimension is frozen
through tight trapping ω2

z ≫ ωr, see e.g. [26, 27], hence
g2D = g3D/(

√
2πσz) describes the effective strength of

atomic collisions, where g3D = 4π!2as/m, with atom-
atom s-wave scattering length as and σz =

√

!/mωz.
The last line in (1) represents interactions between

the ground state condensate atoms and impurities due
to elastic collisions of the Rydberg electron and con-
densate atoms [28]. The potential for a single impurity
VgR,n(R) ≡ V0|Ψ(R−xn)|2, is sketched in Fig. 1 (b). Its
strength is set by V0 = 2π!2ae/m containing the electron-
atom scattering length ae = −16.04a0, where a0 is the
Bohr radius [29]. The potential shape is set by the Ryd-
berg electron density |Ψ(R)|2, where Ψ(R) = ⟨R |Ψ ⟩.
To describe mobile Rydberg impurities, we couple

Eq. (1) to Newton’s equations governing their motion

m
∂2

∂t2
xn = −∇xn

[

VRR(X) + V̄ (xn)
]

, (2)

where VRR(X) =
∑

n>m C6(ν)/|xn − xm|6 is the vdW
interaction between Rydberg impurities, with dispersion
coefficient C6 taken from [30], and X = [x1, . . . ,xNimp

]T

grouping all impurity positions. In addition, the
nth impurity feels an effective potential V̄ (xn) =
∫

d2R V0|Ψ(R−xn)|2|φ(R)|2 from the backaction of the
condensate [21, 23, 24]. See [27] for the 2D reduction.
Let us split the BEC wave function φ(R) =

√

ρ(R)eiϕ(R) into a real density ρ and phase ϕ. Then,
the initial effect of each impurity is to imprint a phase
ϕ ∼ −VgR,n(R)∆t/!, within a short time ∆t [22, 31].
When the impurity moves, a phase pattern is “painted”
over the condensate. As we will show, this allows impu-
rity tracking with the added practical benefit that oscil-
latory quantum features in Fig. 1 (b) are averaged, so
that we can replace VgR,n(R) with a smoother classical
approximation Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: Using
XMDS [32, 33], we have numerically solved the coupled
system of GPE (1) and Newton’s equations (2) for a com-
paratively small 2D BEC cloud, with 3D peak density
at the centre of ρ0 = 3.6 × 1019 m−3. Five atoms are
excited to ν = 80 Rydberg states and placed at t = 0 ini-
tially on the inner starting points of the tracks evident in
Fig. 2 (a). The panel shows the condensate phase ϕ(R).
The final position of each atom after an imprinting time

FIG. 2: Tracking Rydberg atoms in a BEC through density
or phase information. Five ν = 80 Rydberg excitations are
in a 87Rb BEC of N = 28000 atoms in a ωr/(2π) = 8 Hz
pancake trap, with transverse strength ωz/(2π) = 1 kHz. (a)
Phase imprinted by Rydberg atoms after t = τimp = 7µs.
(b) The density signal at this time is weak. (c,d) Assuming
impurities are removed at τimp, BEC evolution (1) converts
the phase signal into clear density signals on the longer time
scale τmov = 0.8 ms. See also supplementary movie.

τimp = 7µs is shown by colored circles with size match-
ing the Rydberg electron orbital radius rorb = 3a0ν2/2.
Atoms have repelled as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the effect on the
density in panel (b) is almost negligible for times as short
as τimp, corresponding to the Raman-Nath regime [34].
The imprinted phase also carries velocity information,
since it depends on how long a given location is visited
by the impurity, see SI [27]. This is shown in the inset of
panel (a) for the initial atomic acceleration.

Interferometry can deduce a condensate phase pattern
[9–13], but is not commonly available. Fortunately, the
phase tracks are converted into density tracks through
motion of the ground-state atoms. These have received
an initial impulse from the passing Rydberg impurity,
causing motion on larger time scales τmov ≈ 0.8ms in
panels (c,d). Hence density depressions with 41% con-
trast appear on either side of the Rydberg track. These
can be read out through in-situ density measurements
[14–16]. As third resultant signal in dilute condensates,
the post time-of-flight image may allow reconstructing
the early stage phase [22].

Tracking information is dominated by imprinting via
the wide tails of the Rydberg electron density, between
x = 10 and 50 nm in Fig. 1 (b). We thus cut the large
central peak off at Vmax as shown in blue, to significantly
ease simulations. Tracks were largely independent of this
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ρ(R)eiϕ(R) into a real density ρ and phase ϕ. Then,
the initial effect of each impurity is to imprint a phase
ϕ ∼ −VgR,n(R)∆t/!, within a short time ∆t [22, 31].
When the impurity moves, a phase pattern is “painted”
over the condensate. As we will show, this allows impu-
rity tracking with the added practical benefit that oscil-
latory quantum features in Fig. 1 (b) are averaged, so
that we can replace VgR,n(R) with a smoother classical
approximation Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: Using
XMDS [32, 33], we have numerically solved the coupled
system of GPE (1) and Newton’s equations (2) for a com-
paratively small 2D BEC cloud, with 3D peak density
at the centre of ρ0 = 3.6 × 1019 m−3. Five atoms are
excited to ν = 80 Rydberg states and placed at t = 0 ini-
tially on the inner starting points of the tracks evident in
Fig. 2 (a). The panel shows the condensate phase ϕ(R).
The final position of each atom after an imprinting time

FIG. 2: Tracking Rydberg atoms in a BEC through density
or phase information. Five ν = 80 Rydberg excitations are
in a 87Rb BEC of N = 28000 atoms in a ωr/(2π) = 8 Hz
pancake trap, with transverse strength ωz/(2π) = 1 kHz. (a)
Phase imprinted by Rydberg atoms after t = τimp = 7µs.
(b) The density signal at this time is weak. (c,d) Assuming
impurities are removed at τimp, BEC evolution (1) converts
the phase signal into clear density signals on the longer time
scale τmov = 0.8 ms. See also supplementary movie.

τimp = 7µs is shown by colored circles with size match-
ing the Rydberg electron orbital radius rorb = 3a0ν2/2.
Atoms have repelled as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the effect on the
density in panel (b) is almost negligible for times as short
as τimp, corresponding to the Raman-Nath regime [34].
The imprinted phase also carries velocity information,
since it depends on how long a given location is visited
by the impurity, see SI [27]. This is shown in the inset of
panel (a) for the initial atomic acceleration.

Interferometry can deduce a condensate phase pattern
[9–13], but is not commonly available. Fortunately, the
phase tracks are converted into density tracks through
motion of the ground-state atoms. These have received
an initial impulse from the passing Rydberg impurity,
causing motion on larger time scales τmov ≈ 0.8ms in
panels (c,d). Hence density depressions with 41% con-
trast appear on either side of the Rydberg track. These
can be read out through in-situ density measurements
[14–16]. As third resultant signal in dilute condensates,
the post time-of-flight image may allow reconstructing
the early stage phase [22].

Tracking information is dominated by imprinting via
the wide tails of the Rydberg electron density, between
x = 10 and 50 nm in Fig. 1 (b). We thus cut the large
central peak off at Vmax as shown in blue, to significantly
ease simulations. Tracks were largely independent of this
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the initial effect of each impurity is to imprint a phase
ϕ ∼ −VgR,n(R)∆t/!, within a short time ∆t [22, 31].
When the impurity moves, a phase pattern is “painted”
over the condensate. As we will show, this allows impu-
rity tracking with the added practical benefit that oscil-
latory quantum features in Fig. 1 (b) are averaged, so
that we can replace VgR,n(R) with a smoother classical
approximation Vc,n(R) as discussed in the SI [27].
Phase imprinting versus density modulation: Using
XMDS [32, 33], we have numerically solved the coupled
system of GPE (1) and Newton’s equations (2) for a com-
paratively small 2D BEC cloud, with 3D peak density
at the centre of ρ0 = 3.6 × 1019 m−3. Five atoms are
excited to ν = 80 Rydberg states and placed at t = 0 ini-
tially on the inner starting points of the tracks evident in
Fig. 2 (a). The panel shows the condensate phase ϕ(R).
The final position of each atom after an imprinting time

FIG. 2: Tracking Rydberg atoms in a BEC through density
or phase information. Five ν = 80 Rydberg excitations are
in a 87Rb BEC of N = 28000 atoms in a ωr/(2π) = 8 Hz
pancake trap, with transverse strength ωz/(2π) = 1 kHz. (a)
Phase imprinted by Rydberg atoms after t = τimp = 7µs.
(b) The density signal at this time is weak. (c,d) Assuming
impurities are removed at τimp, BEC evolution (1) converts
the phase signal into clear density signals on the longer time
scale τmov = 0.8 ms. See also supplementary movie.

τimp = 7µs is shown by colored circles with size match-
ing the Rydberg electron orbital radius rorb = 3a0ν2/2.
Atoms have repelled as in [8], on time-scales very short
compared to those typical for BECs. While tracks are
clearly visible in the condensate phase, the effect on the
density in panel (b) is almost negligible for times as short
as τimp, corresponding to the Raman-Nath regime [34].
The imprinted phase also carries velocity information,
since it depends on how long a given location is visited
by the impurity, see SI [27]. This is shown in the inset of
panel (a) for the initial atomic acceleration.

Interferometry can deduce a condensate phase pattern
[9–13], but is not commonly available. Fortunately, the
phase tracks are converted into density tracks through
motion of the ground-state atoms. These have received
an initial impulse from the passing Rydberg impurity,
causing motion on larger time scales τmov ≈ 0.8ms in
panels (c,d). Hence density depressions with 41% con-
trast appear on either side of the Rydberg track. These
can be read out through in-situ density measurements
[14–16]. As third resultant signal in dilute condensates,
the post time-of-flight image may allow reconstructing
the early stage phase [22].

Tracking information is dominated by imprinting via
the wide tails of the Rydberg electron density, between
x = 10 and 50 nm in Fig. 1 (b). We thus cut the large
central peak off at Vmax as shown in blue, to significantly
ease simulations. Tracks were largely independent of this
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Spin-Boson Hamiltonian

2

states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can

+
S

S

E

E

Tm Tm

���������

(a)

Re[C(zz)(τ)]
Im[C(zz)(τ)]

0 10 20 30 40 50 60
-40

-20

0

20

40

60

τ [μs]

C
(z
z)
(τ
)[
M
H
z2
] (b)

Re[C(yy)(τ)]
Im[C(yy)(τ)]

0 10 20 30 40 50 60
-20

-10

0

10

20

τ [μs]

C
(y
y)
(τ
)[
M
H
z2
]

C(τ) = ⟨ ̂E(τ) ̂E(0)⟩

Tdecoh ≈ 1/ 2C(0)Ĥint = ̂E ⊗ ̂S
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states [27]. Consequently, the condensate environment
entangles with the Rydberg impurity, causing decoher-
ence of the Rydberg electronic state that can be read out
by Ramsey microwave interferometry [28–30]. In con-
trast to most other settings, the proposed platform al-
lows to directly observe the other half of a decohering
process, namely the environment evolution. We show
that system-environment entanglement yields a charac-
teristic signature in the atom density, until decoherence
is complete. At the same time, the decoherence dynam-
ics of the Rydberg atom exhibits non-Markovian features
that we model and quantify.

Inspired by the intuitive picture of the Rydberg im-
purity entangling with the BEC in Fig. 1, we show that
Rydberg decoherence times can be obtained in a straight-
forward manner from separate mean-field solutions in the
presence of each electronic state.
Interactions between Rydberg impurity and BEC: We
have shown in [31], starting from the many-body Hamil-
tonian for the two species system, that electronic dynam-
ics of the Rydberg impurity embedded in the BEC is
described in the Bogoliubov approximation by the Spin-
Boson model [32, 33] (SBM) Ĥtot = Ĥsyst + Ĥenv + Ĥint,
in terms of the Rydberg pseudo-spin defined earlier, with

Ĥsyst =
⌦mw

2
�̂x +

�E(t)

2
�̂z, Ĥenv =

X

q

~!q b̃
†
qb̃q,

Ĥint =
X

q

�q
2

⇣
b̃q + b̃

†
q

⌘
�̂z. (1)

The �̂k are Pauli operators and b̃q destroy Bogoliubov-de-
Gennes (BdG) excitations with wave vector q. Further
⌦mw is the Rabi frequency of micro-wave coupling be-
tween the | p i and | s i Rydberg state, with �E(t) = �+
Ē(t), where� is the e↵ective energy splitting without the
small time-dependent shift Ē(t) due to the environment.
The BdG mode energies are ~!q =

p
Eq(Eq + U0⇢), with

q = |q| and Eq = ~2q2/2m for a homogeneous conden-
sate of atoms with mass m at density ⇢ and interac-
tion strength U0. Finally, the coupling-strengths to BdG
modes are [31, 34]

�q = g0
p
⇢

Z
d
3x(| (p)|2 � | (s)|2)[uq � v

⇤
q], (2)

where g0 is the strength of electron-atom interactions
[34, 35],  (↵)(x) the Rydberg electron wave-functions and
uq(x), vq(x) BdG mode functions.

As a paradigmatic model for decoherence, the Spin-
Boson Hamiltonian (1) has wide-spread applications,
e.g. in cavity QED [36], quantum chemistry [37] or quan-
tum information [38]. We now proceed to show that its
realisation with a Rydberg atom embedded in a BEC
uniquely allows to observe and control environmental dy-
namics concomitantly with that of the quantum spin sys-
tem. While the environment in general leads to com-

plicated possibly Non-Markovian dynamics that necessi-
tates advanced numerical methods, there is a particular
simple situation when there is no coupling between the
two spin states, implying ⌦mw = 0. We will now first
consider this situation before moving to the more com-
plicated general case.
Rydberg decoherence: Let us assume a micro-wave is adi-
abatically followed to create the superposition |� i with
c# = c" = 1/

p
2, which we call |+ i. Subsequently

the microwave is switched out, so that we can hence
study the simpler Hamiltonian Ĥtot with ⌦mw = 0 and
� = Ep�Es, the energy di↵erence between the Rydberg
states. The many-body Hamiltonian then de-composes
into blocks Ĥtot = | " ih " | ⌦ Ĥph," + | # ih # | ⌦ Ĥph,#,

where Ĥph,#/" pertain to the phonon space only. Hence
also the time-evolution can be separately found in each
of those blocks, yielding a global time-evolution operator
Û = | " ih " |⌦Ûph,"+| # ih # |⌦Ûph,#, where Ûph," denotes
a unitary operator that acts on BdG modes only, for the
case that the system is in the | " i state. The above Û

implies a time-evolved state

| tot(t) i = c"| " i ⌦ | "(t) i+ c#| # i ⌦ | #(t) i. (3)

Here and in the following, states labelled  are quantum
many-body states. In (3), | tot(t) i includes the Ry-
dberg impurity while | ",#(t) i describe the remaining
Bose-Einstein-condensate only. For a state of the bipar-
tite form (3), the coherence between | " i and | # i in the
reduced density matrix for the Rydberg system is [1, 2]

⇢#"(t) = c
⇤
#c"h "(t) | #(t) i. (4)

We will refer to |r(t)| = |h "(t) | #(t) i| as the coherence
factor. Calculating the time-evolution of the SBM (1),
as discussed in the SI [34], we find for short times

|r(t)| ⇡ e
�
✓

t
Tdc

◆2

, Tdc =
⇣X

q

�2q/(2~)
⌘�1/2

. (5)

with decoherence time-scale Tdc. Exploiting the frame-
work set up in [31], we find from (5) that Tdc can be tuned
from Tdc ⇡ 40 ns at ⌫ = 40 to Tdc ⇡ 1 µs at ⌫ = 120
through choice of principal quantum number.
The coherence evolution |r(t)| of the Rydberg impu-

rity is directly measurable with micro-wave Ramsey in-
terferometry [28–30]. At the shortest Tdc (smallest ⌫) the
process described should be faster than other decoher-
ence sources, such as black-body radiation [39], phonon-
phonon interactions [40] or atomic losses [41–43]. Since
Eq. (5) depends on the microscopic interactions between
Rydberg and BEC atoms, decoherence measurements
will open an additional route to understand these.
Extracting decoherence from the BEC mean-field dynam-
ics: Spin coherence just discussed is intimately linked
to the dynamics of the environment through Eq. (4).
For each spin state alone the condensate dynamics can
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FIG. 2. Overview of Rydberg-phonon coupling constants for
a single impurity with ⌫ = 40. (a) The coupling (ss)

q of
state | s i to a phonon with wave-number q is isotropic due
to the symmetry of the Rydberg wave function. The right
axis shows the phonon dispersion relation (9) for orientation.

(b) In contrast the transition coupling (sp)
q,10 between | s i and

| p i is anisotropic, since it involves | p i states. (c) Isotropic

component (pp)
q,00 of coupling in the state | p i. (d) Anisotropic

component (pp)
q,20 of coupling in the state | p i. (e) Transition

coupling (sp)
q in the qx, qz plane. (f) The di↵erence of cou-

plings �q = (pp)
q � (ss)

q will be most relevant for Rydberg
decoherence.

III. OPEN QUANTUM SYSTEM APPROACH

If one is not interested in all degrees of freedom of a
complex quantum system, it is convenient to split it into
a system S and an environment E , and then investigate
the quantum dynamics of the system only. Formally the
latter is given by

⇢̂S(t) = TrE
⇣
Û(t) [⇢̂S(0)⌦ ⇢̂E(0)] Û

†(t)
⌘
, (19)

where ⇢̂S(t) is the reduced density matrix of the system,
Û(t) is the time evolution operator of the complete sys-
tem and ⇢̂S,E(0) are the initial reduced density matrices
of system and environment, respectively. Since (19) is
still based on the time-evolution operator of the com-
plete system, it still contains the full complexity of the
problem.

Open quantum system techniques aim to remove part
of that complexity by finding an evolution equation that
does not require to solve explicitly the bath degrees of
freedom, but instead directly evolves

⇢̂S(t) =
X

ss0

⇢ss0(t)| s ih s0 |, (20)

with s, s
0 2 {s, p}. The e↵ect of the environment always

enters the evolution equation for (20) through certain
correlation functions, which we discuss for our case in
section IIIA. If this e↵ect remembers the past evolution
of ⇢̂S(t), we talk about a non-Markovian system, other-
wise we denote it as a Markovian one [42, 43].
With the identification | " i = | p i and | # i = | s i and

constraining the Rydberg system to these two electronic
states, we show in appendix B 6 how the total Hamilto-
nian for our system can be rewritten as

Ĥtot =Ĥ
0
syst +

X

q

~!q b̃
†
qb̃q +

X

q

�q

2

⇣
b̃q + b̃

†
q

⌘
�̂z

+ i

X

q


(sp)
q

⇣
b̃q � b̃

†
q

⌘
�̂y + const, (21)

with �q = 
(pp)
q �

(ss)
q . In (21) the environmental os-

cillator frequencies !q are set by the BdG mode energies
in (9). The coe�cients  are defined in Eq. (18) and the
caption of Fig. 2, and �̂y,z are the usual Pauli spin oper-
ators. We recognize (21) as a variant of the well-known
Spin-Boson model (SBM) [61, 62], with one term that
describes energy gap fluctuations of the spin (⇠ �̂z), and
one describing incoherent spin flips (⇠ �̂y).
The first term in Eq. (21) is essentially Eq. (4), with

minor energy shifts due to system-environment coupling
discussed in appendix B 6. The BdG excitations in the
second term created by b̃

† correspond to shifted harmonic
oscillator modes,

b̃q = b̂q +
̄q

2~!q
, (22)

b̃
†
q = b̂

†
q +

̄q

2~!q
, (23)

with ̄q = 
(pp)
q + 

(ss)
q , as discussed in detail in ap-

pendix B 6. We assume a Bose-Einstein condensate at
temperature T = 0 as initial state prior to Rydberg ex-
citation, hence ⇢̂E(0) = | 0 ih 0 |, where | 0 i is the Bo-
goliubov vacuum of the original unshifted quasi-particle
operators: b̂q| 0 i = 0. For the operators b̃q the initial
state ⇢̂E(0) corresponds to a many-mode coherent state
as shown in appendix B 6. This seems to be an obsta-
cle for the application of open quantum system methods
which require the environment initially to be in the vac-
uum state. However, as we demonstrate in appendix C
the open quantum system evolution according to (19)
from the coherent environment initial state is equivalent
to evolution from using a vacuum environment initial
state with a modified time-dependent system Hamilto-
nian

Ĥ
00
syst =

"
�E

2
+

X

q

�q ̄q

2~!q

�
cos(!qt)� 1

�
#
�̂z, (24)

entering the open quantum system method. The method
then additionally has to incorporate decoherence as

3

B. Condensate environment

For the ground-state atoms (k = g) that form the BEC,
the Hamiltonian (1) becomes

Ĥ =

Z
d
3x


 ̂†

g(x)
⇣
� ~2

2m
r2 + Eg

⌘
 ̂g(x)

+
U0

2
 ̂†

g(x) ̂
†
g(x) ̂g(x) ̂g(x)

�
, (5)

assuming the usual s-wave contact interactions [46]

Ugggg(x� y) = U0�
(3)(x� y), (6)

with �(3) the three-dimensional delta-function and U0 =
4⇡~2as/m, where as is the s-wave atom-atom scattering
length.

We split the ground-state field operator as usual [46]

 ̂g(x) = �0(x) + �̂(x), (7)

where �0(x) 2 C is the mean-field condensate wave func-
tion and �̂(x) is the fluctuation operator which we ex-
pand as

�̂(x) =
X

q

⇣
uq(x)b̂q � v

⇤
q(x)b̂

†
q

⌘
(8)

in terms of Bogoliubov de-Gennes (BdG) excitations.
In a homogenous BEC with number density ⇢ = |�0|2,
these have mode functions uq(x) = ūq exp [iq · x]/

p
V

and vq(x) = v̄q exp [iq · x]/
p
V with bosonic creation

and destruction operators b̂
†
q and b̂q, assuming a box

quantisation volume V. Here and in the following we
use subscripts q for quantities that only depend on the
modulus of the quasi-particle wave number. In (8), the
BdG mode amplitudes are ūq = [(⇣q/✏q + 1)/2]1/2 and
v̄q = [(⇣q/✏q�1)/2]1/2, with ⇣q = ✏q+⇢U0, where q = |q|
and

✏q = ~!q =

s
~2q2
2m

✓
~2q2
2m

+ 2U0⇢

◆
(9)

are the BdG mode energies. The BdG amplitudes fulfil
ū
2
q � v̄

2
q = 1 and limq!1 ūq = 1, limq!1 v̄q = 0 with

limq!0 ūq � v̄q = 0.
Inserting (7) and (8) into the Hamiltonian (5) for the

state | g i then as usual gives rise to the Hamiltonian
rewritten in terms of quasiparticles

Ĥenv = EGP[�0(x)] +
X

q

✏q b̂
†
qb̂q, (10)

where EGP[�0(x)] is the Gross-Pitaevskii energy func-
tional

EGP[�0(x)] =

Z
d
3x


� ~2

2m
|r�0(x)|2

+ Eg|�0(x)|2 +
U0

2
|�0(x)|4

�
. (11)

C. System-environment interactions

The main interest is in the system-environment cou-
pling Hamiltonian Ĥcoup. Since we already dealt with
interactions of ground-state atoms in section II B and fo-
cus on at most one Rydberg excitation in the present
article, the only remaining combinations of indices kijs

in the interaction part of the Hamiltonian (1) must in-
volve one or two Rydberg indices only. We can exclude
all terms that would involve transitions between ground
and Rydberg states, due to the large energy di↵erence
and small wavefunction overlap of the impurity ground
state wavefunction and the BEC. Considering these con-
straints, the only required index sets are kijs=g↵�g and
kijs=↵gg�, which describe the interaction of a ground-
state with a Rydberg atom, possibly changing the inter-
nal state of the latter.
The dominant mechanism by which Rydberg atoms

can interact with ground-state atoms, is through elas-
tic scattering between the Rydberg electron and ground-
state atoms, once the latter venture into the Rydberg
orbit [47]. This is described by the Fermi pseudopoten-
tial

V (y + r,x) = g0�
(3)(y + r� x), (12)

where g0 = 2⇡~2ae/me [48]. Here, ae is the electron-
atom scattering length with ae < 0 for Sr and Rb andme

the electron mass. We have split the absolute position of
the Rydberg electron y+r into the location of the ion core
of the Rydberg atom y, and the relative displacement of
its electron r. Interactions require the location of the
electron to co-incide with that of a ground-state atom
at x. We neglect for simplicity the slight momentum
dependence of the electron-atom scattering length ae, see
e.g. [49], as well as the e↵ect of the direct interaction with
the ion core, which is relevant in a small BEC volume only
[50, 51]. The latter is also independent of electronic state,
and hence not expected to contribute to decoherence.
In order to incorporate the potential (12), the Hamil-

tonian (1) could first be written down in terms of an
explicit Rydberg electron position, as has been analyzed
in [52]. Since energy di↵erences between Rydberg states
are much larger than the typical interaction energy scales
with ground-state atoms, it is frequently useful to revert
back to the atomic energy basis for the Rydberg electron,
which we do here. Since we consider only a single impu-
rity and

⇥
 ̂↵(x),  ̂�(y)

⇤
= 0, the system-environment

interaction part of (1) finally boils down to

Ĥint =
X

↵,�

Z
d
3x

Z
d
3y

⇥  ̂†
g(x) ̂

†
↵(y)U

g↵�g(x� y) ̂�(y) ̂g(x). (13)

with long range ground-state Rydberg atom interaction

U
g↵�g(x� y) = g0

h
 
(↵) ⇤(x� y) (�)(x� y)

i
. (14)
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FIG. 2. Overview of Rydberg-phonon coupling constants for
a single impurity with ⌫ = 40. (a) The coupling (ss)

q of
state | s i to a phonon with wave-number q is isotropic due
to the symmetry of the Rydberg wave function. The right
axis shows the phonon dispersion relation (9) for orientation.

(b) In contrast the transition coupling (sp)
q,10 between | s i and

| p i is anisotropic, since it involves | p i states. (c) Isotropic

component (pp)
q,00 of coupling in the state | p i. (d) Anisotropic

component (pp)
q,20 of coupling in the state | p i. (e) Transition

coupling (sp)
q in the qx, qz plane. (f) The di↵erence of cou-

plings �q = (pp)
q � (ss)

q will be most relevant for Rydberg
decoherence.

III. OPEN QUANTUM SYSTEM APPROACH

If one is not interested in all degrees of freedom of a
complex quantum system, it is convenient to split it into
a system S and an environment E , and then investigate
the quantum dynamics of the system only. Formally the
latter is given by

⇢̂S(t) = TrE
⇣
Û(t) [⇢̂S(0)⌦ ⇢̂E(0)] Û

†(t)
⌘
, (19)

where ⇢̂S(t) is the reduced density matrix of the system,
Û(t) is the time evolution operator of the complete sys-
tem and ⇢̂S,E(0) are the initial reduced density matrices
of system and environment, respectively. Since (19) is
still based on the time-evolution operator of the com-
plete system, it still contains the full complexity of the
problem.

Open quantum system techniques aim to remove part
of that complexity by finding an evolution equation that
does not require to solve explicitly the bath degrees of
freedom, but instead directly evolves

⇢̂S(t) =
X

ss0

⇢ss0(t)| s ih s0 |, (20)

with s, s
0 2 {s, p}. The e↵ect of the environment always

enters the evolution equation for (20) through certain
correlation functions, which we discuss for our case in
section IIIA. If this e↵ect remembers the past evolution
of ⇢̂S(t), we talk about a non-Markovian system, other-
wise we denote it as a Markovian one [42, 43].
With the identification | " i = | p i and | # i = | s i and

constraining the Rydberg system to these two electronic
states, we show in appendix B 6 how the total Hamilto-
nian for our system can be rewritten as

Ĥtot =Ĥ
0
syst +

X

q

~!q b̃
†
qb̃q +

X

q

�q

2

⇣
b̃q + b̃

†
q

⌘
�̂z

+ i

X

q


(sp)
q

⇣
b̃q � b̃

†
q

⌘
�̂y + const, (21)

with �q = 
(pp)
q �

(ss)
q . In (21) the environmental os-

cillator frequencies !q are set by the BdG mode energies
in (9). The coe�cients  are defined in Eq. (18) and the
caption of Fig. 2, and �̂y,z are the usual Pauli spin oper-
ators. We recognize (21) as a variant of the well-known
Spin-Boson model (SBM) [61, 62], with one term that
describes energy gap fluctuations of the spin (⇠ �̂z), and
one describing incoherent spin flips (⇠ �̂y).
The first term in Eq. (21) is essentially Eq. (4), with

minor energy shifts due to system-environment coupling
discussed in appendix B 6. The BdG excitations in the
second term created by b̃

† correspond to shifted harmonic
oscillator modes,

b̃q = b̂q +
̄q

2~!q
, (22)

b̃
†
q = b̂

†
q +

̄q

2~!q
, (23)

with ̄q = 
(pp)
q + 

(ss)
q , as discussed in detail in ap-

pendix B 6. We assume a Bose-Einstein condensate at
temperature T = 0 as initial state prior to Rydberg ex-
citation, hence ⇢̂E(0) = | 0 ih 0 |, where | 0 i is the Bo-
goliubov vacuum of the original unshifted quasi-particle
operators: b̂q| 0 i = 0. For the operators b̃q the initial
state ⇢̂E(0) corresponds to a many-mode coherent state
as shown in appendix B 6. This seems to be an obsta-
cle for the application of open quantum system methods
which require the environment initially to be in the vac-
uum state. However, as we demonstrate in appendix C
the open quantum system evolution according to (19)
from the coherent environment initial state is equivalent
to evolution from using a vacuum environment initial
state with a modified time-dependent system Hamilto-
nian

Ĥ
00
syst =

"
�E

2
+

X

q

�q ̄q

2~!q

�
cos(!qt)� 1

�
#
�̂z, (24)

entering the open quantum system method. The method
then additionally has to incorporate decoherence as
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R1
0 C(⌧) exp [�i!⌧ ]. We calculate both of these for a
Rydberg atom within a BEC in Ref. [1]. The NMQSD
method discussed in the next section takes C(⌧) as an
input to characterise the environment, and requires it to
be expressed as a sum of M damped exponentials

C(⌧) =
M�1X

j=0

gje
�(i⌦j+�j)⌧ . (S28)

It has been discussed in [5] how this can be achieved
through fitting a sum of simple poles to the spectral den-
sity J(!), the result of which we show in Fig. S1. A
Fourier-transform then gives the desired correlation func-
tion in the form (S28), shown in panel (b). In table S1,
we also tabulate the parameters of the correlation func-
tion entering that figure for M = 11.

An important aspect of a given environment correla-
tion function is its memory time Tm, roughly taken as
the interval over which correlations drop to zero, see
Fig. S1 (b). We typically expect system-environment dy-
namics to be Markovian if the system dynamics is faster
than Tm and non-Markovian otherwise.

Tm
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FIG. S1: (a) (solid black line) Spectral density J(!) for
the phonon environment at ⌫ = 80 for parameters as in
Fig. 2,3 of the main text, calculated as described in Ref. [1].
We also show its fit by the pole-model J̃(!) according to
[5] (red dashed line), which gives rise to the parameters in
table S1. (b) Corresponding environment correlation func-
tion C(⌧) from direct calculation as in Ref. [1], (solid black
line) Re[C(⌧)], (solid blue line) Im[C(⌧)]. The approxima-
tion through the fitting procedure in Eq. (S28) is also shown.
(dashed green line) Re[C(⌧)], (dashed red line) Im[C(⌧)].

Non-Markovian open quantum systems: It remains
a computational challenge to accurately model open
quantum systems for completely general conditions in-
cluding the non-Markovian regime. An e�cient method
for this is Non-Markovian quantum state di↵usion [6],
for which one can find a Hierarchy of pure states [7]
to propagate the system. We refer to the above refer-
ences for the derivation of the method and merely outline
the basics and state the employed equations of motions
here. We rely on a stochastic wavefunction hierarchy
f (k), where k is a vector valued hierarchy index, with
one component kj for each term in the representation
of the bath correlation function (S28). Only the zeroth
order f (0) = f (0,··· ,0) of the wavefunction hierarchy is
used to calculate expectation values of system operators

parameter j = 0 1 2 3

gj/h
2 [MHz2] 0.023 -0.03 0.012 0.014

⌦j/h [MHz2] 0.039 0.134 0.291 0.515

�j/h [MHz2] 0.001 0.024 0.021 0.030

parameter j = 4 5 6 7

gj/h
2 [MHz2] 0.02 0.018 0.02 0.021

⌦j/h [MHz2] 0.801 1.158 1.58 2.080

�j/h [MHz2] 0.039 0.050 0.06 0.078

parameter j = 8 9 10

gj/h
2 [MHz2] 0.003 0.014 0.020

⌦j/h [MHz2] 2.325 2.636 3.042

�j/h [MHz2] 0.064 0.078 0.109

TABLE S1: Parameters for environment correlation func-
tions C(⌧) entering Figs. 2 and 3 of the main text, ex-
pressed through the fit (S28). The resultant C(⌧) is shown in
Fig. S1 (b).

as usual hÔi = h f (0)) |Ô| f (0)) i. Its time evolution is
however coupled to all higher levels according to

@

@t
f (k)(t) =

✓
� iĤsyst � k ·w + L̂z̃t

◆
f (k)(t)

+
X

j

kjgjf
(k�ej)(t)�

X

j

(L̂† � hL̂†i)f (k+ej)(t), (S29)

where w = [w1, · · ·wM ]T , with wj = i⌦j + �j . ⌦j and �j
are defined in (S28), L̂ is the system part of the coupling
term to the environment, which is L̂ = �z in Eq. (1) of
the main text and ej is a unit vector along cartesian di-
rection j. When solving (S29), we numerically enforce
h f (0) | f (0) i = 1, scaling all higher hierarchy levels with
the same factor applied to f (0). To truncate the hierar-
chy, we ignore terms in the second line of Eq. (S29) that
would couple to wave function components with indices,
kj < 0 or

P
j kj > K, where we call K the order of the

hierarchy.
The system environment coupling enters (S29) twofold,

through L̂ = �̂z and through the shifted noise z̃t, with

z̃t = z⇤t +

Z t

0
ds C⇤(t� s)hL̂†i. (S30)

The unshifted noises z⇤t are constructed such that their
temporal correlation function is exactly the bath corre-
lation function (S28)

ztz⇤s = C(t� s), (S31)

where · · · denotes the stochastic average.
In practice, we first construct the unshifted noises ful-

filling Eq. (S31) using a Fourier filter technique. For that,
we start with temporally uncorrelated white noise W (t)

4

R1
0 C(⌧) exp [�i!⌧ ]. We calculate both of these for a
Rydberg atom within a BEC in Ref. [1]. The NMQSD
method discussed in the next section takes C(⌧) as an
input to characterise the environment, and requires it to
be expressed as a sum of M damped exponentials

C(⌧) =
M�1X

j=0

gje
�(i⌦j+�j)⌧ . (S28)

It has been discussed in [5] how this can be achieved
through fitting a sum of simple poles to the spectral den-
sity J(!), the result of which we show in Fig. S1. A
Fourier-transform then gives the desired correlation func-
tion in the form (S28), shown in panel (b). In table S1,
we also tabulate the parameters of the correlation func-
tion entering that figure for M = 11.

An important aspect of a given environment correla-
tion function is its memory time Tm, roughly taken as
the interval over which correlations drop to zero, see
Fig. S1 (b). We typically expect system-environment dy-
namics to be Markovian if the system dynamics is faster
than Tm and non-Markovian otherwise.

Tm
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FIG. S1: (a) (solid black line) Spectral density J(!) for
the phonon environment at ⌫ = 80 for parameters as in
Fig. 2,3 of the main text, calculated as described in Ref. [1].
We also show its fit by the pole-model J̃(!) according to
[5] (red dashed line), which gives rise to the parameters in
table S1. (b) Corresponding environment correlation func-
tion C(⌧) from direct calculation as in Ref. [1], (solid black
line) Re[C(⌧)], (solid blue line) Im[C(⌧)]. The approxima-
tion through the fitting procedure in Eq. (S28) is also shown.
(dashed green line) Re[C(⌧)], (dashed red line) Im[C(⌧)].

Non-Markovian open quantum systems: It remains
a computational challenge to accurately model open
quantum systems for completely general conditions in-
cluding the non-Markovian regime. An e�cient method
for this is Non-Markovian quantum state di↵usion [6],
for which one can find a Hierarchy of pure states [7]
to propagate the system. We refer to the above refer-
ences for the derivation of the method and merely outline
the basics and state the employed equations of motions
here. We rely on a stochastic wavefunction hierarchy
f (k), where k is a vector valued hierarchy index, with
one component kj for each term in the representation
of the bath correlation function (S28). Only the zeroth
order f (0) = f (0,··· ,0) of the wavefunction hierarchy is
used to calculate expectation values of system operators

parameter j = 0 1 2 3

gj/h
2 [MHz2] 0.023 -0.03 0.012 0.014

⌦j/h [MHz2] 0.039 0.134 0.291 0.515

�j/h [MHz2] 0.001 0.024 0.021 0.030

parameter j = 4 5 6 7

gj/h
2 [MHz2] 0.02 0.018 0.02 0.021

⌦j/h [MHz2] 0.801 1.158 1.58 2.080

�j/h [MHz2] 0.039 0.050 0.06 0.078

parameter j = 8 9 10

gj/h
2 [MHz2] 0.003 0.014 0.020

⌦j/h [MHz2] 2.325 2.636 3.042

�j/h [MHz2] 0.064 0.078 0.109

TABLE S1: Parameters for environment correlation func-
tions C(⌧) entering Figs. 2 and 3 of the main text, ex-
pressed through the fit (S28). The resultant C(⌧) is shown in
Fig. S1 (b).
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however coupled to all higher levels according to
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� iĤsyst � k ·w + L̂z̃t

◆
f (k)(t)

+
X

j

kjgjf
(k�ej)(t)�

X

j

(L̂† � hL̂†i)f (k+ej)(t), (S29)

where w = [w1, · · ·wM ]T , with wj = i⌦j + �j . ⌦j and �j
are defined in (S28), L̂ is the system part of the coupling
term to the environment, which is L̂ = �z in Eq. (1) of
the main text and ej is a unit vector along cartesian di-
rection j. When solving (S29), we numerically enforce
h f (0) | f (0) i = 1, scaling all higher hierarchy levels with
the same factor applied to f (0). To truncate the hierar-
chy, we ignore terms in the second line of Eq. (S29) that
would couple to wave function components with indices,
kj < 0 or

P
j kj > K, where we call K the order of the

hierarchy.
The system environment coupling enters (S29) twofold,

through L̂ = �̂z and through the shifted noise z̃t, with

z̃t = z⇤t +

Z t

0
ds C⇤(t� s)hL̂†i. (S30)

The unshifted noises z⇤t are constructed such that their
temporal correlation function is exactly the bath corre-
lation function (S28)

ztz⇤s = C(t� s), (S31)

where · · · denotes the stochastic average.
In practice, we first construct the unshifted noises ful-

filling Eq. (S31) using a Fourier filter technique. For that,
we start with temporally uncorrelated white noise W (t)

4

R1
0 C(⌧) exp [�i!⌧ ]. We calculate both of these for a
Rydberg atom within a BEC in Ref. [1]. The NMQSD
method discussed in the next section takes C(⌧) as an
input to characterise the environment, and requires it to
be expressed as a sum of M damped exponentials

C(⌧) =
M�1X

j=0

gje
�(i⌦j+�j)⌧ . (S28)

It has been discussed in [5] how this can be achieved
through fitting a sum of simple poles to the spectral den-
sity J(!), the result of which we show in Fig. S1. A
Fourier-transform then gives the desired correlation func-
tion in the form (S28), shown in panel (b). In table S1,
we also tabulate the parameters of the correlation func-
tion entering that figure for M = 11.

An important aspect of a given environment correla-
tion function is its memory time Tm, roughly taken as
the interval over which correlations drop to zero, see
Fig. S1 (b). We typically expect system-environment dy-
namics to be Markovian if the system dynamics is faster
than Tm and non-Markovian otherwise.
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FIG. S1: (a) (solid black line) Spectral density J(!) for
the phonon environment at ⌫ = 80 for parameters as in
Fig. 2,3 of the main text, calculated as described in Ref. [1].
We also show its fit by the pole-model J̃(!) according to
[5] (red dashed line), which gives rise to the parameters in
table S1. (b) Corresponding environment correlation func-
tion C(⌧) from direct calculation as in Ref. [1], (solid black
line) Re[C(⌧)], (solid blue line) Im[C(⌧)]. The approxima-
tion through the fitting procedure in Eq. (S28) is also shown.
(dashed green line) Re[C(⌧)], (dashed red line) Im[C(⌧)].

Non-Markovian open quantum systems: It remains
a computational challenge to accurately model open
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cluding the non-Markovian regime. An e�cient method
for this is Non-Markovian quantum state di↵usion [6],
for which one can find a Hierarchy of pure states [7]
to propagate the system. We refer to the above refer-
ences for the derivation of the method and merely outline
the basics and state the employed equations of motions
here. We rely on a stochastic wavefunction hierarchy
f (k), where k is a vector valued hierarchy index, with
one component kj for each term in the representation
of the bath correlation function (S28). Only the zeroth
order f (0) = f (0,··· ,0) of the wavefunction hierarchy is
used to calculate expectation values of system operators
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TABLE S1: Parameters for environment correlation func-
tions C(⌧) entering Figs. 2 and 3 of the main text, ex-
pressed through the fit (S28). The resultant C(⌧) is shown in
Fig. S1 (b).
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are defined in (S28), L̂ is the system part of the coupling
term to the environment, which is L̂ = �z in Eq. (1) of
the main text and ej is a unit vector along cartesian di-
rection j. When solving (S29), we numerically enforce
h f (0) | f (0) i = 1, scaling all higher hierarchy levels with
the same factor applied to f (0). To truncate the hierar-
chy, we ignore terms in the second line of Eq. (S29) that
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where · · · denotes the stochastic average.
In practice, we first construct the unshifted noises ful-
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