arXiv:quant-ph/0106076 13 Jun 2001

Magnetically induced vacuum-energy releasing

She-Sheng Xue and Fan sheng ICRA, INFN and Physics Department, University of Rome \La Sapienza", 00185 Rome, Italy (December, 2000) xue@icra.it

We study the fermionic vacuum energy of vacua with and without being applied an external magnetic field. The energetic difference of two vacua leads to the vacuum decaying and the vacuum-energy releasing. In the context of quantum field theories, we discuss why and how the vacuum energy can be released by spontaneous photon emissions and/or paramagnetically screening the external magnetic field. In addition, we quantitatively compute the vacuum energy released, the paramagnetic screening effect and the rate and spectrum of spontaneous photon emissions. The possibilities of experimentally detecting such a vacuum-energy releasing are discussed. 12.20ds, 12.20fv

I. INTRODUCTION

The vacuum has a very rich physical content in the context of relativistic quantum field theories. It consists of extremely large number of virtual particles and anti-particles. The quantum fluctuations of the vacuum are creations and annihilations of these virtual particles and anti-particles in all possible energy-range. As a consequence of the quantum fluctuations, the vacuum energy does not vanish. The vacuum energy (the zero-point energy) due to the quantum fluctuations of electromagnetic fields in the vacuum is positive, while the vacuum energy due to the quantum fluctuations of fermion fields in the vacuum is negative. The Casimir effect [1] shows that the positive vacuum energy attributed to the quantum fluctuations of electromagnetic fields in the vacuum has a macroscopic effect. In this article, we present the effects of vacuum energy releasing from the negative vacuum energy of fermion fields in the vacuum, upon which an external magnetic field is applied. We discuss the possibilities that these effects could be experimentally tested.

As a consequence of the quantum fluctuations of fermion fields, the fermionic vacuum energy in a volume V of the three-dimensional space is given by

E_o = −4 ( V (2π)^3 ) ∫ d^3p|ϵ(p)|, (1) where the ϵ(p) is the negative energy-spectrum of virtual fermions, the summation is over all possible momentum-states of quantum-field fluctuations and the factor “4” is for spin states. The vacuum energy (1) is related to the transition amplitude ⟨0|0⟩ from the vacuum to the vacuum, which is represented by close loops for virtual particles in Feynman diagrams. In quantum field theories for free and massive particles, the negative energy-spectrum of virtual particles in the vacuum is given by ϵ(p) = − √ p^2_x + p^2_y + p^2_z + m^2, (2)

where m is the mass of fermions. A pair of virtual fermion and anti-fermion occupy a energy-momentum state and all negative energy states of quantum fermion fields down to the negative energy-level of the Planck scale (−Λ_p) have been fully filled by the pairs of virtual fermions and anti-fermions. The virtual fermion in the negative energy state travels backward in time indicating a virtual anti-fermion in the positive energy state travels forward in time. The negative vacuum-energy (1) is due to the quantum fluctuations of the creations (annihilations) of virtual fermions and anti-fermions by (to) virtual photons in all possible energy-range. The pairs of virtual fermions and anti-fermions are created and annihilated in the time scale ∼ h̄/mc^2 and at the distance scale ∼ h̄/mc. Up to the fundamental Planck scale Λ_p ∼ 10^{19}GeV, the vacuum-energy |E_o| ∼ −V Λ^4_p, which is a tremendous amount of negative energies for a macroscopic volume V .

In the description of renormalizable and perturbative quantum field theories, the vacuum state is a ground state consisting of virtual particles with the negative energy-spectrum (2) of free field theories, which is not degenerate. All negative energy states are fully filled and real particles are excitation quanta upon this ground state. This description is validated, provided the amplitude of quantum fields and the strength of interactions between quantum fields are small upon such a vacuum state. In this description, the vacuum energy (1) is dropped and set to be zero by the normal ordering of creation and annihilation operators, owing to the absolute value of the physical energy only determined up to a constant and the quantum fluctuation of the vacuum impacting on real particles is treated by the renormalization of theories. The descriptions of renormalizable and perturbative quantum field theories have been extremely successful, as examples, the Lamb-shift effect [2] and electric charge renormalization. These effects indeed exhibit the highly non-trivial structure of the quantum electromagnetic dynamics (QED) and its vacuum (ground) state.

However, as shown by the Casimir effect [1] that was experimentally evidenced [3], the positive vacuum-energy (1) of virtual photons

E_o = 2 ( V (2π)^3 ) ∫ d^3kϵ(|k|), ϵ(|k|) = √ k^2_x + k^2_y + k^2_z , (3)

is not just a trivial constant, when the quantum fluctuations of virtual photons of the vacuum state are confined within a finite volume by boundary conditions. The Casimir effect can be physically understood as the following: the continuous energy-spectrum (3) of electromagnetic fields is modified by boundary conditions to be discrete one, the “new” vacuum energy computed by the modified energy-spectrum in a given finite volume is smaller than the “old” vacuum energy computed by the continuous energy-spectrum (3) in the same volume. As a result, the vacuum is energetically instable and has to quantum-mechanically fluctuate (decay) from the “old” vacuum state to the “new” vacuum state. This leads to an attractive force observed in the Casimir effect. This is in fact a phenomenon of extracting vacuum energy from the vacuum.

In this article, instead of modifying the energy-spectrum (3) of virtual photons by boundary conditions, we attempt to study the variation of the vacuum-energy (1) by modifying the negative energy-spectrum (2) for virtual fermions with external classical fields and to find any possible observable effects of the vacuum-energy releasing due to such a modification. A short letter reporting the part of results is appearing on Phys. Lett. B [4].

II. VACUUM INSTABILITY

Within a finite space of a volume V = L_x · L_y · L_z, we introduce the external constant magnetic field B(t) along the z-axis, B(t) = 0, t < 0 and B(t) = B = const., t > Δτ . As well known as the Landau levels [5], the negative energy-spectrum of virtual charged fermions is given by ϵ(p_z, n, α) = − √ p^2_z + m^2 + |e|B(2n + 1) − eBα, n = 0, 1, 2, 3, · · ·, (4)

where e and α = ±1 are fermion’s bare charge and helicity. This negative energy-spectrum is degenerate in the phase space of (p_x, p_y) and the degeneracy is |e|BS/(2π), where the area S = L_x · L_y.

The negative energy-spectrum of the vacuum is changed from (2) to (4) due to the external magnetic field B ≠ 0 within the time interval Δτ . If the vacuum energy of the final vacuum state made by virtual fermions fully filling the negative energy-spectrum (4) is smaller than that of the initial vacuum state made by virtual fermions fully filling the negative energy-spectrum (2), the initial vacuum state must quantum-mechanically fluctuate to the final vacuum state. The difference of vacuum energies between two vacuum states must be released. In order to verify this and possibly observable effects, we are bound to compute the energetic difference between two vacuum states corresponding to B = 0 and B ≠ 0.

The vacuum energy of the initial vacuum state is given by eq.(1) and the vacuum energy of the final vacuum state is given by, E_n = − (|e|BS 2π )( L_z 2π ) ∫ dp_z ∑ n,α |ϵ(p_z, n, α)|. (5) Both vacuum energies (1) and (5) are divergent up to the Planck scale −V · Λ^4_p. The difference of vacuum energies between final and initial vacuum states can be computed by the approaches of the dimensional regularization [6] and ξ-function regularization [7]. In eq.(1), analytically continuing the dimension of the momentum integration from 3 to 3 + ϵ, where ϵ is a small complex parameter, we have

E_o = ( V π (2π)^3 ) m^4Γ(− ϵ 2 ), (6)

where Γ(x) is the Gamma-function. Analogously, in eq.(5), analytically continuing the dimension of the momentum integration from 1 to 1 + ϵ, we have,

E_n = − ( |e|BV 4π^2 ) Γ(− ϵ 2 ) ∑ n,α [ m^2 + |e|B(2n + 1) − eBα ]z , (7)

where z = 1 + ϵ/2. Summing over helicity states α = ±1, we obtain

E_n = − ( |e|BV 4π^2 ) Γ(− ϵ 2 ) ∑ n [( m^2 + 2|e|Bn )z + ( m^2 + 2|e|B(n + 1) )z] , = − ( 2|e|^2B^2V 4π^2 ) Γ(− ϵ 2 ) [ξ(−z, q) + ξ(−z, q + 1)] , q = m^2 2|e|B , (8)

where ξ(z, q)-function is given by eqs.(9.521), (9.531) and (9.627) in [8], ξ(z, q) = ∑ n=0 1 (n + q)^z , ξ(−1, q) = − B_2(q) 2 , B_2(q) = q^2 − q + 1 6 . (9)

The analytic continuation “z” has simply discarded the appropriate divergent terms and the continuation back to “z = 1” (ϵ → 0) yields,

E_n = V Γ(− ϵ 2 ) [ |e|^2B^2 3(4π^2) + π(m^2)^2 (2π)^3 ] . (10)

As a result, the energetic difference of final and initial vacuum states is,

ΔE = E_n − E_o = Γ(− ϵ 2 ) [ |e|^2B^2V 3(4π^2) ] . (11)

We find that in eq.(10) the term depending on the fermion mass is completely canceled by eq.(6), as it should be. For ϵ → 0, the Gamma-function Γ(−ϵ/2) = −(2/ϵ + const.), where the constant is an uninteresting combination of π, γ(Euler constant), etc. On the basis of the charge renormalization of the QED, we renormalize the charge |e_r| = √ Z_3|e| by the renormalization constant Z_3 = (2/ϵ + const.) and we obtain,

ΔE = − ∑ f (Q^2_f ) e^2_rB^2V 3(4π^2)

= −8 α 3π B^2V, α = e^2_r 4π = 1 137 , (12)

where ∑ f (Q^2_f ) = 8 for all charged fermions in the standard model of particle physics. Eq.(12) is about one percent of the total energy deposited by the external magnetic field B.

The fact for the energetic difference eqs.(11,12)) being negative is due to that: lower negative energy-states are filled in the final vacuum state than that in the initial vacuum state, since the initial negative energy-spectrum (2) is not degenerate, while the final negative energy-spectrum (4) is degenerate. This fact leads to the vacuum instability and decay, analogously to that for the Casimir effect.

III. VACUUM DECAYING

In principle, since ΔE (12) is negative, indicating that the energy of the final vacuum for B ≠ 0 is smaller than that of the initial vacuum for B = 0, the vacuum must release the energy ΔE (12) when the external magnetic field is applied upon it. Let us try to understand why and how this could physically occur. This can possibly occur for three reasons that (i) in a finite volume V , the total number of fermion states in the vacua of negative energyspectrum (2) and (4) is finite for the finite momentum-cutoff at the Planck scale Λ_p and all these fermion states of negative energy levels from −Λ_p to −mc^2 are fully filled; (ii) the negative energy-spectrum (2) is not degenerate, while the negative energy-spectrum (4) is degenerate, and the total numbers of fermion states of both cases are the same; (iii) on the basis of quantum fluctuations toward the lowest energy-state and the Pauli principle, when the external magnetic field is applied upon the vacuum, the vacuum reorganizes itself by fully filling all fermion states according to the degenerate negative energy-spectrum (4), instead of the non-degenerate one (2). As a consequence, the vacuum makes its total energy lower and releases energy. As an analogy, the vacuum with the negative energy-spectrum (2) can be described as if a N-floors building, two rooms each floor and all rooms occupied by guests; while the vacuum with the negative energy-spectrum (4) a M-floors (M < N) building, 2N/M rooms each floor and all rooms occupied by guests. The total numbers of rooms of two buildings are the same. Due to an external force, the N-floors building collapses to the M-floors building and the “potential energy” should be released.

If the vacuum state decays and the vacuum energy (12) is released, the phenomena and effects that could occur are following. (i) The vacuum acts as a paramagnetic medium that effectively screens the strength of the external magnetic field B to a smaller value B^′ < B for the total energy-density being, 1 2 B^{′2} = 1 2 B^2 − 8 α 3π B^2; B^′ = B √ 1 − 16 3π α. (13)

This phenomenon of paramagnetic screening could be possibly checked by appropriate experiments of precisely measuring the magnetic field strength. (ii) The vacuum-energy fluctuations could lead to the emission of neutrino and anti-neutrino pairs from the vacuum, since they are almost massless, which however is almost impossible for an experimental test. (iii) Photons are spontaneously emitted analogously to the spontaneous photon emissions for electrons at high-energy levels decaying to low-energy levels in the atomic physics. This phenomenon should be possibly detected if any photons are emitted when the magnetic field B is turned on. The rate and spectrum of spontaneous photon emissions can be calculated as follow.

IV. THE RATE AND SPECTRUM OF SPONTANEOUS PHOTON EMISSIONS

For simplifying computations of such a transition amplitude at tree-level, we chose a particular Lorentz frame where the initial fermion state is at rest, the magnetic field B is in ẑ-direction and the electric charge e is renormalized. The initial state ψ^{(−)}_i for B(t) = 0, t < 0 and final state ψ^{(−)}_f for B(t) = B, t > Δτ of negative energy solutions are given by

ψ^{(−)}_i = ( 1 V m E_i )^1_2 e^{iEit} 0 χ^α ; ψ^{(−)}_f = ( 1 V m E_f ) 1_2 c_ne^{− ξ22} H_n(ξ)e^{iEf t−pfyy−pfz z} 0 χ^α E_i = m, E_f = √ m^2 + (p^fz )^2 + eB(2n + 1 − α), (14) where the spinor χ^α: σ_zχ^α = αχ^α for the helicity α = ±1, ξ = √ eB(x −^{pfy}_{eB} ), H_n(ξ) is the Hermite polynomial and c_n = 1/(2^n2 √ n!π^12 )^1. The probability of spontaneous photon emissions is related to the amplitude |ϵ^β_μJ^μ(k)|^2 [9], where ϵ^β_μ is the transverse polarization vector of photons emitted and

J^μ(k) = e ∫ d^4xe^{−ikx}ψ̄^{(−)}_f γ^μψ^{(−)}_i , (15)

where “k” is photon’s energy-momentum. Integrating variables t, y and z gives δ-functions for energy-momentum conservations. Armed with eq.(7.376) in [8], we integrate variable x, ∫ dxe^{−ikxx}e^{− ξ22} H_n(ξ) = (−i)^n( 2π eB )^{12} e^{−ikx p} f y eB H_n( k_x √ eB )e^{− k} 2x 2eB . (16)

The computation of the amplitude |ϵ^β_μJ^μ(k)|^2 is straightforward in the spinor space. Taking average over helicities of initial states, summing over all final states p^f_z , p^f_y and n with degeneracy |e|BS/(2π), as well as the polarizations of photons emitted, we obtain, 1 2 ∑ β |ϵ^β_μJ^μ(k)|^2 = e^2e^{− k2xeB} ∞∑ n=1 1 2^nn!π H^2_n( k_x √ eB )(2π)Δτ δ[ω_k − E^n + m] ( m E^n_f )

E^n_f = √ m^2 + (k_z)^2 + 2eBn (17)

where ω_k = |k| is the photon energy and δ-function for the energy-conservation. The term corresponding to n = 0 has been dropped for energy-momentum conservations, since the δ-function δ[ω_k − E^{n=0}_f + m] only gives solution |k| ≡ 0. Because the problem is axial symmetric w.r.t. ẑ-direction, we can make substitutions k^2_x → k^2_⊥ = k^2_x + k^2_y, k_x → |k_⊥| and define k_z = k_‖ in eq.(17). The δ-function in eq.(17) can be given as

δ[ω_k − E^n_f + m] = ( m + |k| eB ) δ_{n,n}ffi, n_∘ = k^2_⊥ + 2|k|m 2eB , E^nffi_f = m + |k|, (18)

where n_∘ = 1, 2, 3, · · ·, indicating the energy-momentum of emitted photons is quantized. As a result, eq.(17) is,

1These negative energy solutions can be obtained by the charge conjugation of corresponding positive energy-solutions.

1 2Δτ ∑ β |ϵ^β_μJ^μ(k)|^2 = e^2 2^nffin_∘!π e^{− k} 2?_{eB} H^2_nffi( |k_⊥| √ eB )(2π) ∑ f (Q^2_f ) ( m_f eB ) , (19)

where ∑ f is over all flavors of charged fermions. We find that eq.(19) does not explicitly depend on k_‖. For given n_∘ = n_∘(k_⊥, k_‖) in (18), eq.(19) (the probability of photon emissions) is very small for |k_‖| ≫ |k_⊥|, because the polynomial H^2_nffi(^{|k}?^{|√}_{eB} ) in eq.(19) is very small for small values of |k_⊥|. Thus, the most probability of photon emissions occurs for |k_⊥| ≫ |k_‖|, indicating most emitted photons are near in the plane perpendicular to the magnetic field B. This is analogous to the phenomenon of synchrotron radiation.

The probability p_{nγ} corresponding to the emission of n_γ photons, when neither the momentum nor the polarizations are observed, is given by the Poisson distribution [9], p_{nγ} = n̄_γ n_γ!

e^{−n̄γ} , (20)

where n̄_γ is defined by

n̄_γ = ∫ dk̃ 1 2 ∑ β |ϵ^β_μJ^μ(k)|^2, ∫ dk̃ ≡ ∫ d^3k (2π)^32ω_k ≃ ∫ (dk_‖dk_⊥ (2π)^22 ) ω_k≃|k?| , (21)

which is actually the average number of emitted photons, n̄_γ = ∑_∞ ∘ n_γp_{nγ} . The numberand energy-spectrum of spontaneous photon emissions in a phase space element dk̃ and a unit of time are given by dn̄_γ dk̃ = 1 2Δτ ∑ β |ϵ^β_μJ^μ(k)|^2, dϵ̄_γ dk̃ = 1 2Δτ ω_k ∑ β |ϵ^β_μJ^μ(k)|^2. (22)

We estimate that √ eB ≃ 0.244eV for B = 10^5G achieved in the laboratory today [13] and √ eB ≃ 24KeV for B ≃ 10^{15}G around neutron stars, i.e., √ eB ≪ m_f . We consider the limit for emitted photons whose energy-momentum |k| ≪ m_f . From eq.(18), we have n_∘ = |k|m_f /(eB), i.e., |k| = ω_k = n_∘eB/m_f , showing the energy of emitted photons is quantized in the unit eB/m_f . As seen from eq.(19), the probability is exponentially suppressed for large values of k^2_⊥/eB and also suppressed by 1/(2^nffi n_∘!) for large values of n_∘. As a consequence, most photons emitted should have the momentum |k_⊥| ∼ eB in the infrared region and quantized |k_⊥| ≃ ω_k = n_∘eB/m_f for the small values of n_∘. For n_∘ = 1, |k_⊥| ≃ |k| = ω_k = eB/m_f and H_1(x) = 2x, we have the rate,

1 2Δτ ∑ β |ϵ^β_μJ^μ(k)|^2 = 4e^2e^{− k} 2?_{eB} k^2_⊥ ∑ f (Q^2_f ) m_f (eB)^2

. (23)

for the number- and energy- spectrum of spontaneous photon emissions. This spectrum shows k^2_⊥-dependency in the low-energy region and exp(−^{k2}?_{eB} )-dependence in the high energy region, respectively similar to the Rayleigh-Jeans part and the Wien part of the spectrum of the black-body radiation. However, the energy-momentum |k_⊥| ≃ ω_k is quantized, in this sense, it is more analogous to the Wigner spectrum of the distribution of discrete energylevels of atoms and nuclei.

V. POSSIBLY EXPERIMENTAL TEST

In practice, on the other hand, how the phenomena of the vacuum-energy releasing can be realized and observed in reality. In the theoretical analysis given, we actually assume that the transition of the vacuum states from the negative energy-spectrum (2) to the negative energy-spectrum (4) is instantaneous Δτ ≪ 1. In reality, there is a time scale Δτ for building up the magnetic field to its maximum value. The maximum volume (Δτ · c)^3, in which vacuum states at different points of the space-time are causally-correlated, can be much larger than the volume V in which the constant magnetic field is created. In addition, we know that the relaxation time Δt of quantum fluctuations of vacuum states should be of the order of h̄/m_ec^2 ∼ 10^{−20}sec. With this very short relaxation time, all causally-correlated vacuum states at different points of the space-time can rapidly decay to the lower energy states before the maximum value of the external magnetic field is reached. In this case, we should not expect to detect spontaneous photon emissions, corresponding to the total vacuum-energy releasing given in eq.(12), only from the volume V , since photons can be spontaneously emitted from the whole volume ∼ (Δτ · c)^3 where causally-correlated vacuum states are. If we can create the magnetic field in a short enough time, we should expect to be able to detect spontaneous photon emissions. On the basis of these discussions on the time scales of quantum fluctuations and creating a macroscopic magnetic field, it seems difficult to observe possible effects and phenomena of the vacuum-energy releasing discussed in this letter.

In the experiment of detecting the Casimir effect, two large parallel perfectly conducting plates of sizes L^2 at a distance a (L ≫ a) separate causal-correlation of the quantum fluctuations of virtual photons inside the volume aL^2 between two plates from the quantum fluctuations of virtual photons outside of two plates. Since the creations and annihilations of virtual fermions and anti-fermions are related to the annihilation and creation of virtual photons, we assume the causal-correlation between vacuum states at two different points of the space-time is mediated by virtual photons. Inspired by the experiment for detecting the Casimir effect, we should use perfectly conducting box to isolate the volume V , where the external magnetic field is created, from the space-time outside the box. The photon monitor and instrument of measuring magnetic field strength should be properly installed inside the box to detect possible effects of the vacuum-energy releasing. It is obvious that much sophisticate experiments must be proposed and/or another brilliant ideas for experiments have to be created, in order to detect such effects.

It is worthwhile to mention that with respect to an observer at infinite, such effects (with photon and neutrino emissions) for a very large strength of magnetic fields in astrophysics (e.g., neutron stars) could be probably observed. Given the size of a neutron star of the order 10^6cm and the strength of magnetic fields of the order of 10^{13} −10^{15}G, we can estimate the maximum total vacuum-energy releasing is of the order of 10^{42} − 10^{46}erg from eq.(12).

VI. CONTRAST TO THE SCHWINGER-PROCESS

In this section, we wish to clarify that the effect presented here is essentially different from the well-known Heisenberg-Euler-Schwinger process [10] on the view point of dynamics, though both of them are related to an external electromagnetic field. Let us first recall the main points of the Heisenberg-Euler-Schwinger process.

The quantum field fluctuation of virtual particles and antiparticles are rather perturbative, for their space-time variations being much smaller than h̄/mc and h̄/mc^2. The vacuum is vary stable against such small quantum field fluctuations of virtual electrons and positrons (and other fermions), for the reasons: (i) all negative energy-states are fully filled; (ii) the energy-gap 2m is the potential barrier to block small quantum fluctuations leading to a vacuum instability. The probability of the vacuum breakdown and decaying by the pair-creation of real electrons and positrons (the probability of tunneling the barrier) is exponentially suppressed, practically is zero. The external electric field applied upon the vacuum effectively reduces the energy-gap 2m of barrier and the vacuum is polarized along the direction the electric field. As the electric field increases its strength and the energy-gap 2m of barrier decreases, the probability of virtual electrons and positrons tunneling the barrier and the vacuum decaying increases. When the electric field is increased to the critical field E_c ≃ m^2c^3/eh̄, the probability of virtual electrons and positron tunneling the barrier and the vacuum decaying significantly increases, leading to the phenomenon of the vacuum breakdown by pair-creation of electrons and positrons in the Heisenberg-Euler-Schwinger process.

It is important to notice that the Heisenberg-Euler-Schwinger process is a purely electric effect from the dynamics point of view: the electric field instead of magnetic field makes the vacuum decaying and pair-production be feasible. Although, the probability of the vacuum decaying by the pair-production obtained in the QED are expressed in terms of both electric and magnetic fields. For the Lorentz invariance of the QED, we chose a Lorentz frame where the magnetic field is zero but the probability is the same. Detailed discussions can be found for example in the pages 191-195 of ref. [9].

On the contrary, the effect presented here is purely magnetic. We start with non-zero constant magnetic field but zero electric field, explicitly express the results and computations in terms of the non-zero magnetic field B along the ẑ-direction. These expressions of results and computations remain the same in the group of Lorentz frames moving along ẑ-direction.

Although the both magnetic field^2 B and electric field E must appear in the expressions of the results, if we select the Lorentz frames that do not move along ẑ-direction, the numerical result of the effect must be the same for the Lorentz invariance. However, non any Lorentz transformation leads us to a “Lorentz” frame where non-zero electric field but zero magnetic field, otherwise we would begin with non-zero electric field but zero magnetic field.

As very carefully discussed in sections (II-IV), the dynamics of inducing vacuum decaying is completely due to the fact that the external magnetic field modifies the negative energy-spectrum from non-degenerate one to degenerate one, as a result shifts downward the negative energy of the vacuum, rather than reduces the energy-gap 2m of barrier from the negative energy-spectrum to the positive energy-spectrum. In contrast, the electric field in the Heisenberg-Euler-Schwinger process does not change negative energy-spectrum of the vacuum. The possible phenomena of the presented effect are screening magnetic field and spontaneous photon emissions, instead of pair-production of electrons and positions. In principle, the presented effect can occur for any value of magnetic field and non critical value of field is required as that in the Heisenberg-Euler-Schwinger process. In fact, the dynamics of this effect presented here is analogous to that of the Casimir effect, rather than that of the Heisenberg-Euler-Schwinger one. Nevertheless, we ask a question whether there is a purely electric effect that shifts downward the fermionic negative energy of the vacuum leading the vacuum instability.

VII. VACUUM ENERGY SHIFTED DOWNWARD BY AN ELECTRIC FIELD

As an example, we consider the case of an external electric field applied upon the vacuum. For a spherical conductor with the radius R_∘ and charge Q_∘ < 0, we have the electric potential U and field E, U = U_∘ = Q_∘/R_∘ and E = 0 for r ≤ R_∘; U = Q_∘/r and E = Q_∘/r^2 for r > R_∘. We postulate the electric potential energy eU_∘ > mc^2 and the field E at R_∘ is

2The value of magnetic field B obviously is changed.

less than the critical value to create electron-positron pairs. It is rather complicate to find the exact negative energy-spectrum in such an attractive potential. To obtain a preliminary result, we may approximate this potential by a spherical potential well U = U_∘, r ≤ R_∘; U = 0, r > R_∘. The first negative discrete energy-level E_1 of an electron of charge e < 0 is given by [11]

E_1 = − π^2 16 U^{min}_∘ Δ^2, U^{min}_∘ = (πh̄c)^2 8mc^2R^2_∘

, Δ^2 = ( eU_∘ U^{min}_∘ − 1 )_2

(24)

for small Δ, where U^{min}_∘ is the minimum depth of the potential well for appearing the first negative discrete energy-level. For the macroscopic value of the radius R_∘ ≫ h̄/(m_ec), U^{min}_∘ and E_1 are extremely small. Based on this approximate negative energy-spectrum, we can estimate the difference between the total vacuum energies E_n with and E_o without the presence of the external electric potential U_∘,

ΔE = E_n − E_o ≃ E_1 < 0. (25)

This simply shows that the negative energy-spectrum of the vacuum is shifted downward from −mc^2 to −mc^2 +E_1. The possible vacuum-energy releasing |E_1| in this case is extremely small for the radius R_∘ ≫ h̄/(mc). The result of the similar idea applying to the case of an external gravitational field will be presented in another paper [12].

VIII. CONCLUSION

In this article, we propose an idea of releasing vacuum-energy from the vacuum by an external magnetic field. This idea is originated from (i) the fermionic structure of the vacuum owing to relativistic quantum field theories and the Pauli principle; (ii) the external magnetic field modifying the fermion spectrum of the vacuum from non-degenerate one to degenerate one; (iii) the quantum fluctuations of virtual particles in the vacuum must lead the vacuum to the lowest energy-state. We illustrate this idea in very details and give an explicit computation showing the vacuum-energy releasing is about one percent of the total energy stored by the external magnetic field. We point out that such a vacuum-energy releasing could be realized by paramagnetic screening and/or spontaneous photon emissions that we compute the rate and spectrum. In addition, we discuss the difficulty to observe such effects and propose a possible experiment to detect these phenomena and effects. In today’s laboratory, the magnetic field strength has been reached up to (greater than) 10^5G and large stored energy up to (larger than) tens or hundreds of MJ [13]. Although it is very difficult, we expect a sophisticate experiment in near future to verify the phenomena and effects of the vacuum-energy releasing via paramagnetic screening and spontaneous photon emissions induced by the external magnetic field. This is important for the understanding of the fermion structure of the vacuum of relativistic quantum field theories and any possibly prospective applications [14].

[1] H.B.G. Casimir, Proc. Kon. Ned. Akad. Wetenschap., ser. B, vol. 51, p. 793, 1948. see also M. Fierz, Helv. Phys. Acta, vol. 33, p. 855, 1960.

[2] W. E. Lamb and R. C. Retherford, Phys. Rev. vol. 72 (1947) 241. [3] M.J. Sparnnaay, Physica, vol. 24, p. 751, 1958;

S.K. Lamoreaux, Phys. Rev. Lett. 78 (1957) 5; U. Mohideen and A. Roy, ibid 81 (1998) 4549. [4] She-Sheng Xue, Phys. Lett. B in press.

[5] D. Landau and M. Lifsits, “Theory of relativistic quantum mechanics” (1975) p.357. [6] G. ’t Hooft and M. Veltman, Nucl. Phys. B44 (1972) 189. [7] J.S. Dowker and R. Banach (1978) J. Phys. A: Gen. Phys., 11, 2255.

[8] I.S. Gradshteyn and I.M. Ryzhik, “Table of integrals, series, and products” (1965) New York Academic Press.

[9] C. Itzykson and J.-B. Zuber, “Quantum Field Theory” 1980 McGraw-Hill Inc. [10] W. Heisenberg and H. Euler, Z. Physik vol. 98 (1936) 714;

J. Schwinger, Phys. Rev., vol 82, (1951) 664.

[11] D. Landau and M. Lifsits, “Quantum mechanics” (1975) p143. [12] S.-S. Xue, in preparation.

[13] see “http://www.nhmfl.gov/magtech/lhfs/index.html”.

[14] The right to use this idea (as an intelligent product) for any applications is preserved by the author.