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Possibility of observing energy decoherence due to quantum gravity
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It has recently been proposed that quantum gravity might lead to the decoherence of superpositions in
energy, corresponding to a discretization of time at the Planck scale. The proposal seems amenable to experi-
mental verification with methods from quantum optics and atomic physics. However, we argue that the pre-
dicted decoherence is unobservable in such experiments if it acts globally on the whole experimental setup.
This is related to the unobservability of the global phase in interference. We then show how local energy
decoherence, which acts separately on system and phase reference, could be detected with remarkable sensi-
tivity and over a wide range of length scales by long-distance Ramsey interferometry with metastable atomic
states. The sensitivity of the experiments can be further enhanced using multiatom entanglement.
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I. INTRODUCTION the potential to yield nontrivial bounds on the parametef

. Eq. (1) i repar rposition of with -
The unification of quantum physics and gravitation is one, d. (1) s to prepare a superposition of two states with sub

f the bi g i Dhvsics. A | tth stantially different energies and observe its decoherence, try-
of the big open questions in physics. A large amount of they,q 14 separate environmental and potentially present quan-

_oretlcz_il Worl_< is devoted to it, following various approaches,iym gravitational effects. The quadratic dependence\&n
including string theory, loop quantum gravity and others. Ex-of the decay rate for such superpositions is a decisive advan-
perimental guidance would be extremely valuable. Somgage compared to effects for wavepackets with a smooth dis-
predictions of string theory, such as supersymmetry, shoulgibution in energy, which would only become significant for
be testable in future high-energy particle accelerators. Celenergies close to the Planck energy, cf. REf.
tain candidate theories predict deviations from the usual dis- The most promising approach to achieve such superposi-
persion relations for very energetic particles. Astrophysications is the use of long-lived metastable atomic states that are
observations can give constraints on such predictjéhs separated from the ground state by optical transitions, such
Another class of theoretical predictions from quantumas the®P, and®P, states in strontiunj6]. A superposition
gravity concerns the decoherence of quantum superpositiong)+|e) between the ground state and such an excited state
[2,3]. In particular it has recently been predicted based orhas aAE of order 1 eV. Note that this is about seven orders
discrete quantum gravity that there should be decoherence Rf magnitude larger than, for example, the cavity-induced
the energy basif4]. Such energy decoherence can be underenergy splitting discussed i] would be in a realistic ex-
stood intuitively as arising from a discretization of time at aP€riment[7]. Moreover, because the spontaneous lifetime of
very small scalé5]. Even though there is no universal agree-the excited state can be of the order of hundreds of seconds
ment that quantum gravity implies energy decoherence, it8l: @n experiment with a single atom could in principle be

seems to us that the proposal deserves serious attention, Risitive to a decoherence rate at Fhe level of K0 This .
only because it is related to a very basic conagpe dis- can again be compared for illustration to the example dis-

cretization of timg, but also because it might lend itself to cqssed in Refl4], where typicl:gllcavity lifetimes are of order
experimental verification with the methods of quantum Op_m|crosecond$7]. Such sensitivity to decoherence rateg

: ; Ce - ; in the mHz regime would allow one to detegtat the level
i n mic physics, i.e. ntiall I xperimen : .
EZ]S and atomic physics, i.e., essentially tabletop experime %?f 10723 s. This remarkable sensitivity could be further im-

proved by several orders of magnitude using multiatom en-
tangled states of the GHZ typle)®"N+|g)®N. We will discuss
the possibility of using multiatom entanglement in more de-

Referencd4] predicts that the evolution equation for the
density matrixp of a quantum system with Hamiltoniar
should be given by

tail below.
dp i o However, we first have to point out a fundamental prob-
dat g[H'P] B ﬁ[H’[H*P]L 1) lem concerning the observability global energy decoher-

ence in the quantum optical domain. Coherence in energy

where the constant parameterwhich is essentially the dis- (and therefore also decoherenég in practice observed in-
cretization time scale, may be as small as the Planck time terferometrically by studying thphaseof the quantum sys-
i.e., of order 10®s. This time evolution leads to a decay of tem under consideratiorelative to a given phase reference.
off-diagonal terms in the energy basi§(E+AE| with arate  Only the relative phase between system and reference is ob-
Yqc Of order o(AE/#)2. servable. At the fundamental level the phase reference also

In this paper we address the question whether this type dias to be treated as a quantum system. Energy decoherence
decoherence could be observed in practice. We believe th#ttat acts globally on system and reference together only has
the only presently conceivable type of experiment that hasn effect on the global phase of the combined system, but
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does not influence the relative phase between the two partpulse. Note that at the end the system is always detected in
It is therefore unobservable. We discuss this rather subtleither|e) or |g), i.e., the detection is performed in the basis
point in detail in Sec. Il with the help of illustrative ex- spanned by the energy eigenstates, not in a basis of superpo-
amples. This part of our work can be seen as an extension aftion states. This detection is typically performed by detect-
the arguments by Finkelsteif8] to realistic experimental ing fluorescenc&under laser excitationfrom a third state
situations. We conclude this section by arguing that the neethat is accessible only from one of the two states.
for a phase reference, and thus the unobservability of global Ramsey interference occurs because there are two differ-
decoherence, fundamentally arises from the fact that macr@nt histories that can lead to the same final state. Suppose
scopic systems have very little coherence in energy. that at the end the atom is detectedéh Then it can have

In contrast to global decoherendecal energy decoher- absorbed a photon from the first pulse and acquired a phase
ence that acts separately on the system and the reference carduring the intermediate waiting time, or it can have ab-
be observable. In Sec. Il we describe several experimentaorbed a photon from the second pulse and thus not acquired
approaches that might allow to test energy decoherenca phase. The amplitudes for the two histories have to be
which is local on various length scales, ranging from mi-added. The two histories are distinguished by the energy of
crometers to possibly millions of kilometers. Atom and mol- the atom during the waiting time. It therefore seems at first
ecule interferometry already give Planck-level boundsoon sight that the experiment should be sensitive to decoherence
for decoherence that is local qum scales. Ramsey interfer- in the energy basis.
ometry with a large separation between the laser and the Conventionally in the description of Ramsey interference
atom is very promising for detecting discretization times-the laser light is treated as a classical system, which is usu-
caleso down to 103 s, over length scales up to the order of ally an excellent approximation. However, for our present
kilometers for terrestrial experiments. The use of multiatompurpose it is essential to take the quantum character of the
entangled states, whose creation should be possible in Boskght into consideration. The Hamiltonian for the interaction
Einstein condensates in the foreseeable future, could enhanbetween the atom and the light is
the sensitivity down to the level of 18s. It might be pos- N
sible to go beyond terrestrial length scales by many orders of H = g(ale)(g| +a'lg)el). (2)
magnitude in space-based experiments using projected tecithjs is in the rotating wave approximation, which is ex-
nology. Given the large theoretical uncertainties for possiblgremely well justified in the relevant regime where the pulse
values ofo in gravitational decoheren¢é] and the ability of  durations are much longer than an optical period. This
the proposed experimental setups to test a number of altefiamiltonian describes the exchange of excitations between
native decoherence moddi8,10 it is certainly worthwhile  the Jight and the atom. The destruction of a photon is accom-
to further improve the sensitivity of interference experi- panied by the creation of an atomic excitation and vice versa.
ments, not least to obtain some guidance for future theoretifhe total energy of the combined system light plus atom is

cal studies. not changed by the action of this interaction Hamiltonian.
The Ramsey interference can be analyzed independently
[l. UNOBSERVABILITY OF GLOBAL ENERGY in subspaces of fixed total energy, that is for initial states
DECOHERENCE IN)|g), whereN is the total number of photons. Let us first

consider an idealized situation where the same laser pulse is
made to interact twice with the atom. The first interaction
We will first illustrate the problem by discussing a single creates a superposition of the two terfié)|g) and |N
atom that can be in statég) or |e), but we will argue below -1)|e). Both terms can give rise to the stafé§|g) and|N
that it is much more general. It is important to consider how-1)|e) after the second interaction. The relative phase that
a superposition of the typg)+|e) would in practice be cre- the two terms acquire between the interactions therefore de-
ated and observed, namely by applying laser pulses that inermines the observable interference effétiis probabilities
duce Rabi rotations betwedg) and |e). The experimental for the atom to be irjg) or |e)). Obviously the two terms
technique is known as Ramsey interferometry. The first puls@ave the same total energy. The observable effects are there-
creates the superpositidg)+|e) from the initial state|lg),  fore completely independent of the presence of global energy
followed by a variable delay, during which the two terms in decoherence, that is of energy decoherence that acts on the
the superposition acquire a relative phase, such that the staight and the atom as on a single system.
evolves tojg)+€?le), and during which decoherence can act. |t is always possible to analyze the interference in this
The second pulse is such that it brings the system bafig to way, even if the light is not initially prepared in a Fock state
with unit amplitude if the relative phasg is zero and if no  |Ny). In particular, this is also true for the case where the state
decoherence has occurred. #fis different from zero, the of the light is a macroscopic coherent state, such that it re-
probability to observe the system|ig) will be different from  mains essentially unchanged by the exchange of photons
one, leading to Ramsey interference fringes in dependenggith the atom, and always factorized from the atomic state.
on the phase. Energy decoherence as described bylEq. Our statement here is not that a true superposition state of the
will affect the visibility of these fringes. In particular, for atom can never be created, which is true for an initial Fock
complete decoherence the superposition is transformed inigtate of the light field. The essential point is that in any case
an equal mixturql(|g><g|+|e><e|), in which all phase infor- only the interference within each pair of histories with the
mation is lost and which is unchanged by the second lasesame total energy matters for the observable effects.

A. Ramsey interference
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The same conclusion can be reached in a more realistic o o

situation, where the light is split into two pulses, that interact |@)alO)p = AR 5)

sequentially with the same atom. Again the analysis can be Vel el N4/ d

performed in subspaces of fixed total energy. The inlal The incoming light is split equally between the two arms.

photon state is split coherently into two parts, correspondlnﬁr‘J1e modesc and d are transformed into modes and d

to the first and the second puise. This creates a state of trespectively, which travel from the mirrors back to the beam-

form =.c,[N—n);/n),|g). The first pulse interacts with the | :
atom, such that every componeht-n);|g) is transformed splitter. For a perfectly balanced interferometer the output

into a superpositiom,|N-n),|g)+b,|N-n-1),|e), where the ~modesa andb are related t& andd in the same way as
interaction is adjusted such that the coefficiemtandb, are  andb are toc andd. In particular one therefore has=(c
equal to 142 with good approximation. After this interac- +d)/\;§=(é+a)/\;§:5_

tion the first pulse never comes back. Therefore it does not 1ha conerent states propagating in the two arms are co-

contripute to the interfgrence. The global state after the ir?herent superpositions of states of different photon numbers

:eracﬂon between the first pulse and the atom can be rewrity, 15 different energies. It might therefore seem that glo-

en as bal energy decoherence should have an effect on the inter-
>IN =) 1(ChanM2|G) + Crotbneg/n = 1)2]6)). (3) ference, such that |.n the Ere_zsence_ of decoherence some pho-
n tons would end up in mode in the final state. However, the

p_ffect of complete global energy decoherence is to transform
the statda),|0), into a Poissonian mixture of Fock states,

Tracing over the first pulse, one sees that the relevant inte
ference is between pairs of terms of the fom|g) and|n
-1),/e), that is between pairs of states with the same energy. o |

Both of these terms can lead to final stafel|g) and |n p=> e““‘za—|n>a<n||o>b<0|. (6)
-1),|e) after the interaction between the second pulse and n=0 n!

the atom. Therefore the phase between them determines t
final probability for the atom to be detected |ig) or |e).
Again the relevant interference is between states with t
same total energy, and the final probability for the atom to b
in |g) or |e) is completely independent of energy decoherence e gh\n ztegt\

that acts on the second pulse and the atom as on a single (aT)n|o>=< = ) |o>=< — ) |o>:(§’r)ﬂ|o)_ (7)
system. V2 V2

This unobservability of global energy decoherence is no . )
specific to Ramsey interference. We argue that it is universa}rhe coherenceor its absencebetween different total photon

at least for the domain of quantum optics. The basic reason gumbers is irrelevant for the Michelson interference. This is

that in every experiment conceivable to us in the quantun%n full analogy to Ramsey interference, which, as we have

optical regime the final detection is performed in the energyS een above, can also be analyzed separately for every total

basis. Superpositions in energy, such as the fixed phase rel hoton number. Equivalently, the global phase of the initial

tionship betweerig) and|e), are detected with the help of a State|a) is irrelevant, only the relative phase between the

phase reference. In Ramsey interference the superposition%:tiﬁz Lr;];?fgct;g g t?rrphseIslérESIO(;?cn;h;—rr;rﬁcr:I?rtrll\i/se cgmazgor%e
created by the first laser pulse, while the second laser pulsrg . y 9 : .
en by noting that the decohered state can be written as

serves as the phase reference. What matters for the expeﬁ@

tf‘%is input state is exactly reproduced in the output modes,
poecause the interference happens independently for every to-
al photon number, according to

mental results is the relative phase between system and the 1 (2 ' .

reference. The global phase is not observable. However, it is p= 2—[ dop|a€?) (€| 0),(0, (8)
only this global phase that is affected by global energy de- TJo

coherence.

which in terms of the modes andd is

B. Michelson interference o
i ifv this i i = Yo ) ( Lo | Lo ) ( Lds
To further emphasize and clarify this important point, om do % % _Eel Nk 9
consider a very simple example of such an interference ex- 0 \ c\\V v d\\V

periment, a Michelson interferometer for light. We denoterpis shows that the relative phase between the two modes is
the two input modes of the interferometerayndb, and the | naffected, even though the reduced density matrix of each
modes traveling towards the mirrors in the two armlnd i gividual mode(c andd) after global energy decoherence is

d. We start with a coherent state) in mode a and the given by
L ) L
V2 V2
where|0) is the vacuum of all modes. The modeandd are

vacuum in modeb, i.e., an initial state
related to the inputs bg=(c+d)/\2 andb=(c-d)/\2, such  which is a Poissonian mixture of Fock states without any
that phase relation.

©

2
=3 el
= 2! ’

o 1 2
2 a" 2, ot il

(@0 =e Y, I jop=e (o), (4) 2n), 4
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(10
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C. Time domain experiments little coherence in the energy basis. In particular, this applies
We claim that these simple examples are in fact generict.o the macroscopic systems used to indicate measurement

In particular, the arguments apply to Ramsey type eXperi[esults in typical experiments. For instance, in the cases con-

ments that use GHZ states of the fofg)®N+|e)*N instead sidered above the measurements are done by counting pho-

of single atoms. They also apply to experiments that would®ns (from fluorescence in the case of the Ramsey experi-
aim to demonstrate coherence and decoherence in the ene{%‘?”t' from up-conversion in the case of the short pulses,
basis via time measurements. For example, one could argirectly from the laser in the Michelson experimpnn these
that the shortness in time of a light pulse from a mode-locked€tUPS only energetically distinct stat@bsence or presence
laser demonstrates coherence in energy and that decohererie® Photon lend themselves to amplification to the macro-
should lead to an observable broadening of the pulse in tim&CoPiC level.

However, what is really measured in practice is the relative !t 1S worth pointing out that the absence of energy coher-
time between the pulse and a reference pulse. In the simple§fce With largeAE for individual systems would in fact be.
case, the original pulse is split into two parts, which are!MPlied by the presence of global energy decoherence. With
recombined in a nonlinear medium, where two coincident® age of the universe of order fqears, one finds that
photons(one from each pulgecan combine to give a single €Ven fora from Eq. (1) of order the Planck timé all co-

photon of higher energy, which is detected. All such experi-"€rences withAE larger than a few meV would have de-

ments are sensitive only to thelative time between system C@yed. Global energy decoherence acting on the whole uni-

and reference, in analogy to the relative phase for the abo erse would thus have essentially reduced it to a mixture of
experiments, and thus only allow inference about the cohe€N€'9y €igenstates at the present moment. Note that this
ence in the energy difference between system and referenc‘@?“ld, not nece§sarlly have any observable consequences for
but not about coherence in the total energy. Again, the rel€XPeriments using phase references or other clocks, for the
evant interference occurs between states of fixed total energfF@SOns discussed in this section. In a universal energy eigen-
which is shared in different ways between system and referstat€|Ey), every energy stat) of an isolated subsystem is
ence. This point was made previously in a slightly differentCorrelated with a stat,~E) for the rest of the universe, so
language, but also in the time domain, by Finkelstih that no coherence can exist in the individual system. Global
The present point of view is also a good way of understand€"€rgy decoherence could thus have itself destroyed the con-

ing the results of the Gedanken experiments discussed vefjtions for its observation.
recently by Pearlg¢l1] in the context of energy-driven col-

lapse model$9]. ll. TESTING LOCAL ENERGY DECOHERENCE

In the previous section we have arrived at the conclusion
that the prediction of Ref4] is likely to be untestable if the

Global energy coherendand thus decoherencis unob-  decoherence is assumed to act globally. It is therefore impor-
servable in the above experiments because the coherencetdst to understand whether there is a length scale on which
observed with respect to a phase reference. As long as thike decoherence might act locally. The question of the spatial
phase reference has to be treated as part of the quantumependence of the energy decoherence was already raised by
system that is subject to energy decoherence, the decohéilburn in Ref. [5], based on considerations of Lorentz in-
ence is unobservable. If on the other hand the decoherene@riance. We make no attempt to answer this question here.
acts separately on the system and the phase reference, it ddowever, we outline some experimental approaches that
have observable effects. We will pursue this possibility in theshould allow to test energy decoherence that is local on vari-
following section. Another theoretical possibility allowing ous length scales.
observation of the decoherence would be for the phase ref-
erence to remain unaffected by the decoherence, which
would only act on the system. This would correspond to the
case of a “completely classical” phase reference, which Atom and molecule interferometry are extremely sensitive
could only exist if there were somewhere a border betweeto the occurrence of energy decoherence that acts locally on
the quantum and the classical world. short length scales. For example, separations of up tera0

But what are the reasons underlying the need for a phadeetween the two paths were achieved in an interferometry
reference? In a certain sense this requirement is of a practexperiment with sodium aton{42]. The rest mass of a so-
cal, not fundamental, nature. One could detect global energgium atom corresponds to an energy of order 20 GeV. Even
decoherence without a phase reference, if there was a mafor o in Eq. (1) of order the Planck time, this implies a
roscopic physical system which could be in long-lived statesiecoherence rate of order &8, if the decoherence acts
with large AE that aremacroscopically distincfrom states separately on each path. For an atom velocity of 3000 m/s as
without significant energy coherence. In this case energy dén Ref. [12], this would imply that the atoms should be sig-
coherence would be directly observable. However, we susaificantly decohered after propagating just @M. The cal-
pect that no such physical system can exist in practice. Maczulated decoherence rates would be even more dramatic in
roscopic systems are always in contact with theirmolecule interferometry experiments such as RE3], how-
environmen{usually even in thermal equilibriumAs a con-  ever the achieved path separations are only of ordeml
sequence, the states in which they are observed have veBnergy decoherence acting locally below tpen length

D. Discussion

A. Atom and molecule interferometry
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scale is thus already ruled out by these experiments. A furresonance with the relevant transitiph9], followed by a
ther improvement of energy decoherence bounds on showaiting period during which the decoherence could act on
length scales could be achieved by utilizing multiparticle en-the state. Then the laser beam and the interaction would be

tanglement enhanced atom interferomef{éeg. turned on again(cf. below), leading to a partial revival,
whose amplitude would allow one to deduce the amount of
B. Long-distance Ramsey interferometry decoherence. There are several other decoherence processes

in such a scheme whose effects would have to be distin-
%}ﬁished experimentally from the quantum gravitational deco-
herence, in particular atom losses due to spontaneous emis-

As discussed above, the relevant interference in a Rams
experiment is between states of the fofg)|n) and |e)|n
-1), where|g) and|e) are states of the atom afa) and|n

given by the separation between the atom and the light durd

. " . ; . ) = 'decoherence processes is facilitated by the fact that the
ing the waiting period. In the simplest case, the light will still P y y

be inside the | ity duri his d will b scale differently with the particle number and the volume of
€ 'nhs'de the faﬁer caylty l}f]”ng rt] Is time, a_?_h WITT D€ e system. However, for simplicity and safety we will here
switched out of the cavity at the right moment. The IMpor-,sqme that the gravitational decoherence rate has to be

tant distance is then that between the laser and the atom. Tr]lasrger than all other decoherence rates in order for a clear

distance can be made very large in principle. For example, '%xperimental detection to be possible.

|f_sbconcrt]a.|vr?bée to c;nnect me laser Ito trlﬁ a:c;rr]n tl’.y r?tn Opt'ﬁja We will here discuss the example of strontium, with the
Iberwhich, depending on the wavelength ot the light, wouldy;q mic ground states, as|g) and the metastathPO state as

allow distances of several kilometers or more. The fiber ha?e) The advantage oiP, compared t6'P, is that inelastic
to be_mterferometngally stabilized for such an e_Xpe”ment’two-body collisions shoould be strongly 2suppressed because
but this seems feasible through constant monitoring of a ref e inelastic loss channels studied[0] are absent for the
erence beam. Altgrnatlvely, one could consider the use Oi?nglet states. It should be possible to create a strontium BEC
Iarge_ frge-space mterferpmeters S.UCh as thoge 'planned ffH either3P0 or 180 by optical cooling[21], and also to trap
gravitational wave dete_ctlo[lG], which aim fc_)r s_|m|lar dis- both states simultaneously, as required for the present experi-
tances. Much longer distances could in principle be acCeSyant. using far off-resonant optical traps. The scheme for

fS|bIe with spa(t:e-fbased texp}erlr;"lhentjs.tLl{gW] 'Sf a prqietc_t reating GHZ type superposition states is described in detail
Or a space nterferometer for the detection ot gravitalionag, paf [19]. What is important for us here is the time scale

waves. The interferometer is basically of the Michelson tYPeyn which the superposition is created, which is of order

with the beam splitter and the mirrors located on satellite : ;
separated by & 10° m. The possible waiting time for the Sl/(NX)’ whereN is the number of atoms in the BEC and

Ramsey experiment is limited by the laser coherence time, ok
which can currently be of order 1[45], corresponding to a X = (Bgg+ Bee— 28¢y). (11
distance of 3 10° m. As discussed in section the use of very mV

long-lived metastable states in such experiments should aJ- . .
low one to detect a discretization of time at the level 0f|-|erem is the mass of an ato¥, is the volume of the BEC

103 s and theg; are the elastic scattering lengths for collisions
' between two atoms ifg), between two atoms ife), and
between one atom ilg) and one ing), respectively. For later
convenience we define the coefficiert 277/ m(agg+aee
The sensitivity of Ramsey type experiments could be sig—2a.y), such thaty=«/V. After creating the macroscopic
nificantly improved by replacing the single atom with mul- superposition state, the laser coupling the ground and excited
tiatom entangled states of the GHZ type. There have beestates is turned off, and the paramejers tuned tox=0,
several proposals for the creation of atomic GHZ statedreezing the dynamics. This can be achieved by changing the
[14,18,19. The recent scheme of Rdfl9] allows the fast relative magnitudes of the scattering lengths using, e.g., an
creation of approximate GHZ type states, i.e., good approxieptical Feshbach resonan¢22]. After a variable waiting
mations to the stat@)®N+|g)*N, for large numbers of atoms period, the laser beam andcan be turned on again to induce
N. The created states are superpositions of two componengsrevival as detailed in Ref19].
centered around very different energies. The difference in For the experiment to be feasible, the time for creating the
energy between the two components is of oldAE, where  superposition has to be shorter than all relevant decoherence
N is the number of atoms ankE is the difference in energy times. Otherwise decoherence during the creation process
between the statdg) and|e) of a single atom. This implies would prevent the superposition state from being formed.
that the gravitational decoherence rate in such a state will b®oreover, the decoherence rate due to quantum gravity
enhanced by a factor & compared to a single-atom super- should be comparable to the decoherence due to particle loss.
position. As stated above, we will here assume that it has to be larger.
In a generalized Ramsey type experiment one would firsThe relevant losses are due to spontaneous emission and to
create the large superposition state by letting the atoms irinelastic three-body collisions. The loss rate from spontane-
teract for a certain time in the presence of a laser beam inus emission is given biNI', whereI" is the spontaneous

C. Multiatom entanglement
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decay rate of the metastable state. The three-body loss ratetigely, the minimum detectable is of orderI'/N (for the

of the formksN3/ V2, wherek; is the three-body loss coeffi- above optimaN), wherel is the spontaneous emission rate,

cient. Finally the quantum gravitational decoherence rate thaghile the decoherence rate #\? which is of orderI'N,

we want to detect is of the formN?, where we have defined giving a length scale of ,,=c/(I'N). One therefore has the

y=0(AE/R). _ N relation L .= (c/T'2)y. Putting in the above values, one sees
The requirement that the creation of the superposition hagat sensitivity to the minimumy obtained above of order

to be faster .than the _grawtatlonal decohereljce 9iveg o8/ (and thus tar of order 10%8 s) could still be achieved

«/(NV) > v, while the reqwrement that the gravitational de-;, o experiment spanning thousands of kilometers.

coherence should dominate the other decoherence processes

gives the conditionsy>T"/N and y>ksN/V2. Combining

the first and second of these three inequalities giXes</T". I[V. CONCLUSIONS

One should choos¥ not much smaller than this limit, in .

order to keep the three-body losses as small as possible. The W& have argued that global energy decoherence is unob-

detectable level of gravitational decoherence is then deteg€rvable in quantum optics experiments, because in practice

mined by the two conditionsy>T/N and y>k;I?N/«2, ~ €Nergy coherence and Qecoherence are studied by interfer-

where the first bound varies asNL And the second one s Ometry, which always relies on the use of another system that

This implies that the smallest possible value fais attained ~ Serves as phase reference. The fundamentally quantum me-

for N of order x/ksI'. The minimum detectablg is then of chanical character of this phase reference is essential for our

orderI3kg/ k. argument. The observable effects are governed by the rela-

The values of the above quantities can be estimated in thié&ve phase between these two systems, and are unchanged by
following way. The spontaneous decay rdteis of order energy decoherence that acts globally on system and phase
10°%/s for the extremely long-livedP, state[23], and the reference together. We have suggested that the basic reason
energy separatioAE is of order 1 eV. The precise values of for the need foa a phase referengand thus for the unob-
scattering lengths and inelastic collision rates for Sr are unservability of global energy decoherence the fact that
known to the best of our knowledge. However, based ormnacroscopic objects have very little energy coherence.
experimentg24] and theoretical calculatior|@5] for other However, we have also shown how local energy decoher-
atomic species one can obtain order of magnitude estimat@ce, which would act separately on system and phase refer-
of kg=10* m®/s and«x=10"1" m®/s. For these values one €nce, could in principle be detected with remarkable sensi-
finds that the optimalN and V are N=10° and vV  tivity and over a wide range of length scales, from
~ 101 m3, respectively, which is very realistic from an ex- micrometers to millions of kilometers, combining methods
perimental point of view. The minimum detectabtds then ~ from optics and atomic physics. Energy decoherence acting
approximately 10°/s. This corresponds to a detectable dis-locally below the micrometer scale is already ruled out by
cretization time scale of order 108 s, five orders of mag- atom interferometry. We hope that our present work will pro-
nitude smaller than what is possible with a single atom. Letide a motivation for theoretical investigations into the pos-
us note that naively this time scale corresponds to an ultrasible existence of a length scale in the predicted quantum
high energy scale of 29eV. These are only order of mag- gravitational energy decoherence.
nitude estimates, but it is clear that the use of multiatom
Ecittz;ngled states promises a dramatic improvement in sensi- ACKNOWLEDGMENTS

The multiatom states could be integrated into a long- We thank Jorge Pullin for useful discussions, and Todd
distance Ramsey type experiment. The achievable distance Byun and Philip Pearle for helpful comments. This work was
limited by the decoherence rate. This leads to a tradeoff besupported by the IRC network on Quantum Information Pro-
tween sensitivity and accessible length scale. More quantitazessing.

[1] T. Jacobson, S. Liberati, and D. Mattingly, Natuteondon) ence rates predicted by the Penrose model for energy superpo-
424, 1019(2003; G. Amelino-Camelia, J. Ellis, N.E. Mavro- sitions of the kind discussed in the present paper are
matos, D.V. Nanopoulos, and S. Sarkid. 393 763(1998). vanishingly small.

[2] J. Ellis, J.S. Hagelin, D.V. Nanopoulos, and M. Srednicki, [4] R. Gambini, R.A. Porto, and J. Pullin, Class. Quantum Grav.
Nucl. Phys. B241, 381(1984); S. Hawking, Commun. Math. 21, L51 (2004.

Phys. 87, 395(1982. [5] G.J. Milburn, Phys. Rev. A4, 5401(1991).

[3] R. Penrose, iMathematical Physics 200@dited by A. Fokas [6] M. Yasuda and H. Katori, Phys. Rev. Lefi2, 153004(2004).
et al. (Imperial College, London, 2000The most promising [7] J. McKeever, J.R. Buck, A.D. Boozer, and H.J. Kimble, e-print
approach for testing this type of predicted decoherence is the  quant-ph/0403121.
creation of superposition states of massive objects in distinct [8] J. Finkelstein, comment on Ref], Phys. Rev. A47, 2412
locations, see W. Marshall, C. Simon, R. Penrose, and D. Bou-  (1993; see also the reply by G.J. Milburiibid. 47, 2415
wmeester, Phys. Rev. Let@1, 130401(2003. The decoher- (1993.

052104-6



POSSIBILITY OF OBSERVING ENERGY DECOHERENCE PHYSICAL REVIEW A 70, 052104(2004)

[9] D. Bedford and D. Wang, Nuovo Cimento Soc. Ital. Fis.28 Rev. A 57, 1208(1998; J. Ruostekoski, M.J. Collett, R. Gra-
313 (1975; 37, 55 (1979; I.C. Percival, Proc. R. Soc. Lon- ham, and D.F. Wallsibid. 57, 511 (1998; D. Gordon and
don, Ser. A451, 503 (1995; L.P. Hughston,bid. 452 953 C.M. Savagejbid. 59, 4623(1999; K. Molmer and A. So-
(1996; S.L. Adler and L.P. Horwitz, J. Math. Phyg1, 2485 rensen, Phys. Rev. Let82, 1835(1999.

(2033; S./k.?’/jldlge?réD-gbgrQ%/.LT-ﬁaFrun, 3“3/&-%”“9&‘_3“’”- [19] A. Micheli, D. Jaksch, J.I. Cirac, and P. Zoller, Phys. Rev. A
J. Phys. A34, 8795(2001; S.L. Adler and T.A. Brunjbid. 67, 013607(2003.

34, 4797(200D; S.L.. Adler,ibid. 35, 841(2002; Phys. Rev. [20] V. Kokoouline, R. Santra, and C.H. Greene, Phys. Rev. Lett.

D 67, 025007(2003.
[10] R. Bonifacio, Nuovo Cimento Soc. ltal. Fis., B14, 473 90, 253201(2003.
(1999; R. Bonifacio, S. Olivares, P. Tombesi, and D. Vitali, [21] M.D. Barrett, J.A. Sauer, and M.S. Chapman, Phys. Rev. Lett.

Phys. Rev. A61, 053802(2000. 87, 010404(200]).

[11] P. Pearle, Phys. Rev. A9, 042106(2004). [22] H. Feshbach, Ann. PhygN.Y.) 5, 357 (1958; S. Inouye,
[12] D.A. Kokorowski, A.D. Cronin, T.D. Roberts, and D.E. Prit- M.R. Andrews, J. Stenger, H.-J. Miesner, D.M. Stamper-Kurn,
chard, Phys. Rev. Lett86, 2191(2001). and W. Ketterle, Naturd_ondon 392, 151(1998; T. Calarco,
[13] L. Hackermiiller, K. Hornberger, B. Brezger, A. Zeilinger, and U. Dorner, P. Julienne, C. Williams, and P. Zoller, quant-ph/
M. Arndt, Nature(London 427, 711(2004). 0403197. M. Theiset al, Phys. Rev. Lett93, 123001(2004).

[14] U. Dorner, P. Fedichev, D. Jaksch, M. Lewenstein, and P. Zol{23] See M. Takamoto and H. Katori, Phys. Rev. Léil, 223001
ler, Phys. Rev. Lett91, 073601(2003. (2003; G. Ferrariet al, ibid. 91, 243002(2003); I. Couirtillot
[15] B.C. Young, F.C. Cruz, W.M. Itano, and J.C. Bergquist, Phys. et al, Phys. Rev. A68, 030501(2003.
Rev. Lett. 82, 3799(1999. [24] E.A. Burt, R.W. Ghrist, C.J. Myatt, M.J. Holland, E.A. Cor-
[16] See http://www.ligo.caltech.edu, http://www.virgo.infn.it, and nell, and C.E. Wieman, Phys. Rev. Left9, 337 (1997); A.
http://www.geo600.uni-hannover.de. Gorlitz et al, ibid. 90, 090401(2003.
[17] See http://lisa.jpl.nasa.gov and http://www.srl.caltech.edu/lisaJ25] E. Tiesinga, S. Kotochigova, and P.S. Julienne, Phys. Rev. A
pubs.html. 65, 042722(2002; B. Bussery-Honvault, J.-M. Launay, and

[18] J.I. Cirac, M. Lewenstein, K. Molmer, and P. Zoller, Phys. R. Moszynski,ibid. 68, 032718(2003.

052104-7



