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HD-THEP-06-09DESY 06-079What measurable zero point utuations an(not) tell us about dark energy.Mihael Doran1 and Joerg Jaekel21Institut f�ur Theoretishe Physik, Philosophenweg 16, 69120 Heidelberg2Deutshes Elektronen Synhrotron, Notkestrasse 85, 22607 HamburgWe show that laboratory experiments annot measure the absolute value of dark energy. Allknown experiments rely on eletromagneti interations. They are thus insensitive to partiles and�elds that interat only weakly with ordinary matter. In addition, Josephson juntion experimentsonly measure di�erenes in vauum energy similar to Casimir fore measurements. Gravity, however,ouples to the absolute value. Finally we note that Casimir fore measurements have tested zeropoint utuations up to energies of � 10 eV, well above the dark energy sale of � 0:01 eV. Hene,the proposed ut-o� in the utuation spetrum is ruled out experimentally.I. INTRODUCTIONReently, a measurement of dark energy in the lab us-ing noise in Josephson juntions has been proposed [1℄.While it would be wonderful to see dark energy in thelab, several groups argued that this will unfortunatelynot be possible [2, 3, 4, 5℄. In the ourse of preparingthis artile, two groups [4, 5℄ published results similar tothe following arguments. We nevertheless would like topresent our view of the topi, hoping that it might helpto larify some aspets and settle the ongoing disussion.Our reasoning is split in three parts: �rst, we arguethat all devised measurements of zero point utuationsare based on the oupling to the eletromagneti �eld(Set. II). They would hene not measure all zero pointutuations, but only those of partiles oupled eletro-magnetially. Seondly, we show in Set. III that theutuation-dissipation theorem is invariant under a shiftin vauum energy. This has already been observed by [4℄.Thirdly, in Set. IV we disuss experimental results forthe Casimir fore. Even if suh experiments were to mea-sure absolute energies of zero point utuations (whihthey an't), the ut o� in frequeny needed to desribedark energy is not seen there. This argument has beenput forward earlier [2℄ and presented in more detail re-ently [5℄.In a nutshell, our onlusion is: Although experi-ments studying Josephson juntions and the Casimir ef-fet might be interpreted as measuring zero point u-tuations, they annot yield the absolute amount of darkenergy.II. MEASUREMENTS NEED COUPLINGS TOTHE ELECTRIC FIELDWe are going to show that both Josephson juntiontype and Casimir e�et experiments are only sensitive topartiles that ouple to the U (1) of the eletromagneti�eld. To begin, onsider the Casimir fore between twoideal parallel plates (see, e.g. [7℄),F (a) = ��Eren0 (a)�a ; Eren0 (a) = �np ~�2720a3 ; (1)

where np = 2 is the number of photon polarizations and ais the distane between plates. The Casimir fore (1) doesnot expliitly depend on the eletromagneti oupling.Why then do only the utuations of the eletromagneti�eld np = 2 ontribute? In other words, why is np notreplaed by the total number of degrees of freedom?One might be tempted to attribute this to the suppres-sion of ontributions of massive partiles to the Casimirfore � exp (�2ma=~). Yet, modern experiments (f.also Set. IV) probe sales 2�a � 10 eV where neutri-nos are e�etively massless. No additional ontributionsfrom neutrinos have been found (as expeted). The so-lution is the very weak interation of neutrinos with theplates. To neutrinos, the plates are transluent and pro-vide no boundary ondition. Photons, on the other hand,lead to a rearrangement of harges in the ideally on-duting plates suh that the eletri �eld vanishes. Theharges enfore the boundary onditions as a onsequeneof their oupling to the eletromagneti �eld (the limitof ideally onduting plates orresponds to an in�nitelylarge oupling aused by the in�nite number of hargesin the plates). Aordingly, photons ontribute to theCasimir fore as spei�ed in Eq. (1). From Eq. (1), wealso see that the Casimir fore measures the derivative ofthe zero point utuations and is thus insensitive to anoverall shift � in vauum energy.Turning to Josephson juntions, one measures thequantum mehanial noise in voltage due to the noiseof the eletri urrent. From this, the speial role of ele-tromagnetially interating partiles is rather obvious. Inpartiular, Josephson juntions do not measure utua-tions of exoti weakly oupled partiles or even neutrinos.III. A CLOSER LOOK AT THE NOISE INJOSEPHSON JUNCTIONSThe basis for the interpretation of the noise in Joseph-son juntions as a measurement of vauum utuationsis the so alled utuation dissipation theorem,hV 2i = 2� Z 10 R(!) 12~! + ~!exp � ~!kT �� 1! : (2)



2Here V is a \fore" and R(!) the \resistane". The term12~! + ~!exp � ~!kT �� 1 (3)losely resembles the vauum energy of an harmoni os-illator. Although this ertainly is an e�et of zero pointutuations, it does not depend on the absolute value ofthe vauum energy: shifting the Hamiltonian by an arbi-trary onstant � (thereby hanging the \dark energy" bythis onstant) Eqs. (2) and (3) remain una�eted. Theonstant � will not appear in the utuation-dissipationtheorem.To see this more learly let us briey review the deriva-tion of Eq. (2) as given in [8℄. Starting point is a Hamil-tonian of the formH = H0(� � �qk � � �pk � � � ) + V Q(� � �qk � � �pk � � � ): (4)H0 is the unperturbed Hamiltonian and V is a funtionof time that measures the magnitude of the perturbationwhile Q depends only on the oordinates and momenta.In time dependent (quantum mehanial) perturbationtheory one an now alulate the power absorbed by thesystem in an energy state En when an outside fore ofthe form V = V0 sin(!t) is applied,P (En) = 12�V 20 !�jhEn + ~!jQjEnij2�(En + ~!) (5)�jhEn � ~!jQjEnij2�(En � ~!)�;where �(E) is the density of states with energyE. Weighting with a Boltzmann fator f(En) =exp(�E=kT )=Z and summing over all energy states oneobtains the total power absorbed by the system,Ptot = 12�V 20 !Xn �jhEn + ~!jQjEnij2�(En + ~!) (6)�jhEn � ~!jQjEnij2�(En � ~!)�f(En):Let us now shift the Hamiltonian by a onstant � (welabel quantities in the \new" system with a tilde). Forthe matrix elements, the shift � amounts to relabelingEn ! ~En = En + �, i.e. the n-th state now has energyEn +� but still the same wave funtion. Therefore, thematrix element remains the same. Likewise, the argu-ment of the density of states is shifted by a onstant �,�(En)! ~�( ~En) = ~�(En +�) = �(En).The only plae where the energy enters expliitly is theBoltzmann fator f . However, requiring proper normal-ization, Xn f(En)�(En) = 1 =Xn f( ~En)~�( ~En); (7)one easily �nds using �(En) = ~�( ~En) thatf(En) = ~f ( ~En): (8)

All in all, Ptot is una�eted by the shift � in energy.Using the de�nition of impedane,V = Z(!) _Q (9)one has for the average dissipated powerPtot = 12V 20 R(!)jZ(!)j2 ; R(!) = Re(Z(!)): (10)Using Pn( ) ! R1�1( )�(E)dE we an replae the sumover states in Eq. (6) with an integral and ompare toEq. (10),R(!)jZ(!)j2 = �! Z 1�1 dE �(E)f(E) (11)��jhE + ~!jQjEij2�(E + ~!)�jhE � ~!jQjEij2�(E � ~!)�:Please note that although the integral goes from �1 to1 it e�etively has a �nite lower limit sine the densityof states vanishes below the ground state energy of thesystem.The next important step in the derivation of Eq. (2)is the alulation of hV 2i. Employing Eq. (9) it suÆesto alulate h _Q2i. One �nds,hEnj _Q2jEni =Xm (En �Em)2jhEmjQjEnij2: (12)Replaing the sum by an integral and de�ning~! = jEn � Emj (13)one obtainshEnj _Q2jEni = Z 10 ~!2�jhEn + ~!jQjEni�(E + ~!)+ jhEn � ~!jQjEnij2�(E � ~!)�d!; (14)where the two parts originate from a splitting for En >Em and En < Em.Please note, that ~! in (13) is a di�erene of ener-gies. Again, a onstant shift � in the Hamiltonian andtherefore in the energy levels does not a�et the result.Using Eq. (9) and integrating over all energy statesweighted by a Boltzmann fator, one obtainshV 2i = Z 10 jZj2~!2� Z 1�1 �(E)f(E)� �jhE + ~!jQjEij2�(E + ~!)+ jhE � ~!jQjEij2�(E � ~!)�dE�d!: (15)Following [8℄, we denote the integrals over E in Equations(11) and (15) byC� = Z 1�1 f(E)�(E)�jhE + ~!jQjEij2�(E + ~!)� jhE � ~!jQjEij2�(E � ~!)�dE (16)



3One an shift E ! E + ~! in the seond term of C�yieldingC� = Z 1�1 �(E)�(E + ~!) jhE + ~!jQjEij2� f(E)�1� f(E + ~!)f(E) � dE: (17)As f(E + ~!)=f(E) = exp(�~!=kT ), one therefore getsC� = �1� exp�� ~!kT ��C(!); (18)whereC(!) = Z 1�1 f(E)�(E) �(E + ~!) jhE + ~!jQjEij2 dE:(19)Equations (6) and (15) may therefore be written asR(!) = �!jZ(!)j2�1� exp�� ~!kT ��C(!) (20)andhV 2i = Z 10 d!jZ(!)j2~!2�1 + exp�� ~!kT ��C(!)(21)Finally, ombining Eqs. (20) and (21) one arrives at (2).Hene, the derivation of the utuation-dissipation the-orem of Callen and Welton is una�eted by a onstantshift � of the Hamiltonian. In partiular, it does notappear in Equation (3).To onlude this setion let us in addition remark thatEq. (2) is a statement about quantum mehanial andthermal utuations in an arbitrary system. This ould,e.g. be utuations of a quantum harmoni osillator ina thermal bath. These utuations are not neessarily inone to one orrespondene to the utuations in funda-mental quantum �elds. For example, the partile in theharmoni osillator ould itself be a bound state. More-over, the ommon fator Eq. (3) that is interpreted asthe e�et of vauum utuations is essentially the averageenergy of one harmoni osillator of frequeny !. How-ever, the total vauum energy depends on the density ofstates �(E), whih will be di�erent from the true vauumin the solid state setup of the Josephson juntion1.IV. VACUUM FLUCTUATIONS HAVEALREADY BEEN MEASURED BEYOND 10EVIn reent years there has been signi�ant progress inthe measurement and alulation of the Casimir fore.1 This poses a severe problem for any argument onerning darkenergy in whih Josephson juntions play a speial role, e.g. [10℄.

Experiments have reahed distanes d below d � 100 nm(see, e.g., [9℄).Separations of d � 100 nm orrespond to energy salesof 2�d � 10 eV. Hene, measurements of the Casimir forealready probed photon zero point utuations with ener-gies in exess of 10 eV. The osmologially inferred saleof dark energy on the other hand is only of the order of(8�2 3~ �DE) 14 � 0:01 eV (�DE is the urrent energy den-sity of dark energy). This is muh smaller than the salesalready probed by Casimir fore experiments. The hy-potheses that a ut o� in the utuation spetrum mightbe responsible for dark energy has thus been exludedexperimentally: the Casimir measurements see no suhut o�.Please note that these energies are muh larger thanthose probed so far in the measurements of noise inJosephson juntions where frequenies up to 6� 1011Hzorresponding to 2:5�10�3 eV have been reahed. WhenJosephson juntion experiments reah � 0:01 eV, theyshould hene see no ut o�, in agreement with Casimirfore experiments.V. CONCLUSIONSIn this brief note we tried to larify some aspets ofthe question what measurements of zero point utua-tions an tell us about dark energy. We argued that inall known experiments, we only measure utuations of�elds interating eletromagnetially. These experimentsare insensitive to utuations of weakly interating parti-les. For instane, a mehanism that adds a very weaklyinterating fermion to anel the vauum energy on-tributed by the photon would not be seen in those experi-ments. Josephson juntion experiments will not measurethe absolute value of dark energy, beause the noise is in-dependent of a onstant shift of the Hamiltonian. FromCasimir fore measurements, we know that the photonhas zero point utuations with energies above 10 eV,muh above the dark energy sale of � 0:01 eV. Hene,some strange uto� that only a�ets zero point utua-tions and thereby restrits dark energy is ruled out2.
2 A possible loop hole is that suh a uto� a�ets only utuationsthat truly do not ouple (aside from gravity). But those, againwouldn't be measurable.
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