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Several groups are carrying out experiments to observe and measure vacuum magnetic birefringence,
predicted by quantum electrodynamics (QED). We have started running the new PVLAS apparatus
installed in Ferrara, Italy, and have measured a noise floor value for the unitary field magnetic birefringence
of vacuum ΔnðvacÞu ¼ ð4� 20Þ × 10−23 T−2 (the error represents a 1σ deviation). This measurement is
compatible with zero and hence represents a new limit on vacuum magnetic birefringence deriving from
nonlinear electrodynamics. This result reduces to a factor of 50 the gap to be overcome to measure for
the first time the value of Δnðvac;QEDÞu predicted by QED: Δnðvac;QEDÞu ¼ 4 × 10−24 T−2. These birefringence
measurements also yield improved model-independent bounds on the coupling constant of axion-like
particles to two photons, for masses greater than 1 meV, along with a factor-2 improvement of the fractional
charge limit on millicharged particles (fermions and scalars), including neutrinos.
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I. INTRODUCTION

Nonlinear electrodynamic effects in vacuum have been
predicted since the earliest days of quantum electrodynam-
ics (QED), a few years after the discovery of positrons
[1–3]. One such effect is vacuum magnetic birefringence
[4], closely connected to elastic light-by-light interaction.
The effect is extremely small and has never yet been
observed directly.
Although today QED is a very well-tested theory, the

importance of detecting light-by-light interaction remains.
First, QED has always been tested in the presence of
charged particles either in the initial state or the final state.
No tests exist in systems with only photons. More in
general, no interaction has ever been observed directly
between gauge bosons present in both the initial and final
states. Second, to date, the evidence for zero-point quantum
fluctuations relies entirely on the observation of the Casimir
effect, which applies to photons only. Here we are dealing
with the fluctuations of virtual charged particle-antiparticle
pairs (of any nature, including hypothetical millicharged
particles) and therefore the structure of fermionic quantum
vacuum: to leading order, it would be a direct detection of
loop diagrams. Finally, the observation of light-by-light
interaction would be an evidence of the breakdown of the

superposition principle and of Maxwell’s classical equa-
tions. One important consequence of a nonlinearity is that
the velocity of light would now depend on the presence or
not of other electromagnetic fields.
In a general framework of nonlinear electrodynamics

at the lowest order described by a Lorentz invariant parity-
conserving Lagrangian correction [5]
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the induced birefringence due to an external magnetic field
perpendicular to the propagation direction of light is

ΔnðvacÞ ¼ 2ξðη2 − η1ÞB2 ¼ ΔnðvacÞu B2: ð2Þ

Here ξ ¼ 1=B2
crit (Bcrit ¼ m2c2=eℏ ¼ 4.4 × 109 T), and η1

and η2 are dimensionless parameters depending on the
chosen model. In analogy to what is done for the Cotton-
Mouton effect (for a review see Ref. [6]), we have defined
the unitary field magnetic birefringence of vacuum ΔnðvacÞu .
Moreover, vacuum magnetic birefringence due to axion-
like particles (ALP) and millicharged particles also depends
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on B2 [7–11]. These last two hypothetical effects represent
new physics beyond the Standard Model and can be
searched for in a model-independent way with an apparatus
such as Polarizzazione del Vuoto con LASer (PVLAS). In
particular, ALPs in the mass range up to 1 meV have long
been considered as cold dark matter candidates [12].

In the Euler-Heisenberg electrodynamics ηðQEDÞ1 ¼
4
7
ηðQEDÞ2 ¼ α=ð45πÞ, with α ¼ e2=ðℏc4πϵ0Þ being the fine

structure constant. In this case,

Δnðvac;QEDÞu ¼ 2

15μ0

α2ƛ3e
mec2

¼ 3.97 × 10−24 T−2: ð3Þ

The ellipticity ψ induced on a beam of linearly polarized
laser light of wavelength λ which traverses a vacuum
region of length L, where a magnetic field B orthogonal
to the direction of light propagation is present, is given
by [13–17]

ψ ¼ NπΔnðvacÞu
R
L
0 B2dl

λ
sin 2ϑ; ð4Þ

where ϑ is the angle between the directions of the polari-
zation vector and of the magnetic field vector and N is the
number of times the medium is traversed by the light.
An ellipsometric method to observe vacuum magnetic

birefringence was proposed by E. Iacopini and E. Zavattini
in 1979 [13]. Experimental attempts started in the 1990s
[7,14], and several are ongoing [10,11,15–18]. The
Lagrangian (1) also predicts direct light-light elastic scat-
tering. See Refs. [19–24] for experimental attempts.
Neither method has reached the capability of detecting
this fundamental nonlinear effect regarding light-by-light
interaction. Presently published results on ΔnðvacÞu deter-
mined from ellipsometric experiments are reported in
Table I.
In this paper, we report on a significant improvement

obtained after the commissioning of the new PVLAS
experimental setup installed at the INFN section of
Ferrara. The principle of the experiment is explained in
Refs. [13,16]. The calibration of the apparatus has been
done by measuring the Cotton-Mouton effect of O2 and He
gases at low pressures and controlling their consistency
with the values present in literature. In this paper, we briefly
summarize the main features of the new experimental setup

and focus on the measurements giving a new conservative

upper limit on ΔnðvacÞu .

II. EXPERIMENTAL METHOD
AND APPARATUS

The upper and lower panels of Fig. 1 show a schematic
top view and a photograph of the apparatus.
Linearly polarized laser light from a 2 W Nd:YAG laser

is injected into the ellipsometer, which is installed inside a
high-vacuum enclosure constructed with nonmagnetic
materials and pumped by turbomolecular and nonevapor-
able getter pumps. The ellipsometer consists of an entrance
polarizer P and an analyzer A set to maximum extinction
(nominal extinction ratio σ2 < 10−7). Between P and A are
installed the entrance mirror M1 and the exit mirror M2 of
a 3.303 m long Fabry-Perot cavity FP with ultrahigh
finesse F ¼ 670000 [26]. The light backreflected by the
FP is detected by the photodiode PRF, and is used by a
feedback system which locks the laser frequency to the FP
with a variant of the Pound-Drever-Hall technique [27].
The resonant light between the two mirrors traverses the
bore of two identical permanent 2.5 T dipole magnets in
Halbach configuration with

R
B2dl ¼ 10.25 T2m and stray

field< 1 G at 20 cm along the axis. The magnets can rotate
around the FP cavity axis up to 10 Hz so that the magnetic
field vectors of the two magnets rotate in planes normal to
the path of the light stored in the cavity. The motors driving
the two magnets are controlled by two phase-locked signal
generators. The same signal generators trigger the data

TABLE I. Presently published results on ΔnðvacÞu obtained from
ellipsometric measurements. Values are in 10−23 T−2.

Experiment Central value 1σ References

BFRT 22000 2400 [7]
PVLAS-LNL 640 780 [15]
PVLAS-FE test setup 840 400 [16]
BMV 830 270 [25]

FIG. 1 (color online). Upper panel: Scheme of the apparatus.
The 4.5 ton granite optical table, 4.8 × 1.5 × 0.5 m3, is shown
together with the optical components and the five vacuum
chambers. HWP¼Halfwaveplate; P¼Polarizer; A¼Analyzer;
WPs ¼ Wave plates; PEM ¼ Photoelasticmodulator; PRF ¼
Reflection photodiode; PTR ¼ Transmission photodiode;
PEXT ¼ Extinction photodiode. Lower panel: A wide-angle
picture of the PVLAS apparatus. The two blue cylinders are
the permanent magnets. Each magnet is 96 cm long, has an
external diameter of 28 cm, weighs 450 kg, and has a central bore
of 20 mm. They are hanging from an aluminium structure
mechanically decoupled from the rest of the optical table, which
is seismically isolated.
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acquisition. The magnetic field of the magnets induces a
birefringence on the medium in the bores; the FP enhances
the ellipticity acquired by the light by a factor N ¼ 2F=π.
Due to the rotation of the magnetic field, the induced
ellipticity varies harmonically at twice the rotation fre-
quency of the magnets [see the dependence of ψ from 2ϑ in
equation (4)]. Given the parameters of our apparatus
(λ ¼ 1064 nm,

R
B2dl ¼ 10.25 T2m), the predicted ellip-

ticity generated by vacuum magnetic birefringence after
a single passage of the light through the magnets is
ψ single ¼ 1.2 × 10−16. The FP cavity multiplies the
single-pass ellipticity ψ single by a factor N ¼ 4.3 × 105,
resulting in an ellipticity to be measured of
ψ ðvac;QEDÞ ¼ 5 × 10−11.
A resonant photo elastic modulator (PEM) then adds a

known small ellipticity (η0 ≈ 10−3) at a frequency ΩPEM ¼
50047 Hz. Under these conditions, the intensity IoutðtÞ of
the light emerging from the analyzer A is

IoutðtÞ ¼ I0½σ2 þ jıηðtÞ þ ıψ sin 2ϑðtÞ þ ıαðtÞj2�
≃ I0½σ2 þ ηðtÞ2 þ 2ηðtÞψ sin 2ϑðtÞ þ 2ηðtÞαðtÞ�;

ð5Þ

where I0 represents the light power reaching the analyzer,
ηðtÞ is the ellipticity modulation generated by the PEM, σ2

is the extinction ratio of the two polarizers, and αðtÞ
describes the slowly varying spurious ellipticities present
in the apparatus. As can be seen, the introduction of the
PEM linearizes the ellipticity signal, which would other-
wise be quadratic. The light emerging from the analyzer is
collected by the photodiode PEXT.
The most important Fourier components of IoutðtÞ come

from the terms 2ηðtÞψ sin 2ϑðtÞ and ηðtÞ2. The first of these
terms results in the beating of the ellipticity induced by the
PEM (at ΩPEM), and the ellipticity induced by the rotating
magnets (at 2ΩMag). The term ηðtÞ2 generates a Fourier
component at 2ΩPEM.
During acquisition, the photodiode signal coming from

PEXT is therefore demodulated at the frequencyΩPEM and
at its second harmonic 2ΩPEM. Both these demodulated
signals, respectively IΩPEM

ðtÞ and I2ΩPEM
ðtÞ, are acquired by

a data acquisition system together with the ordinary beam
intensity I0 exiting the analyzerA. With the DC component
of I2ΩPEM

ðtÞ, indicated as I2ΩPEM
ðDCÞ, and IΩPEM

ðtÞ, the
ellipticity signal ψðtÞ can be determined by the equation

ψðtÞ ¼ IΩPEM
ðtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8I0I2ΩPEM
ðDCÞp : ð6Þ

With the magnets rotating at ΩMag, a magnetically induced
birefringence will generate a Fourier component of ψðtÞ
at 2ΩMag.
Magnetic field sensors and laser locking signals are also

acquired to determine the phase of ψðtÞ and for diagnostics.

These signals are sampled at 32 times the rotation fre-
quency of the magnets (typically 3 Hz) by a 16-bit
multichannel ADC board.
The vacuum system must guarantee that the presence

of residual gas species does not mask vacuum magnetic
birefringence. Indeed, the Cotton-Mouton effect induces a
magnetic birefringence in gases which depends on B2

exactly like vacuum magnetic birefringence. The magnetic
birefringence of gases also depends linearly on pressure. In
Table II, the equivalent partial pressures Peq which would
mimic a vacuum magnetic birefringence for various gases
[6,28–30] are reported. The vacuum system must maintain
these species well below their vacuum equivalent pressures.
The total pressure is below 10−7 mbar, mainly due to H2O.

III. CALIBRATION

Calibration of the apparatus is done using the Cotton-
Mouton effect. In this case we used low-pressure oxygen,
which gives large signals. More importantly, we have also
checked the calibration of the apparatus with low-pressure
helium, so as to induce a small ellipticity and demonstrate
the sensitivity of the entire system. The lowest pressure of
helium used was PðHeÞ ¼ 32 μbar. Considering that the
unitary birefringence (B ¼ 1 T and pressure ¼ 1 atm) of

helium due to the Cotton-Mouton effect is ΔnðHeÞu ¼ ð2.1�
0.1Þ × 10−16 T−2 atm−1 [28,29], the birefringence induced
at B ¼ 2.5 T and P ¼ 32 μbar is ΔnðHeÞ ¼ 3.9 × 10−20. In
Fig. 2, the Fourier transform of the measured ellipticity
signal ψðtÞ is shown. There is a clear peak at 2ΩMag,
corresponding to an ellipticity of ð1.13� 0.13Þ × 10−7,
with no spurious peaks present at other harmonics. The
integration time was T ¼ 4 hours. Given that F ¼
6.7 × 105, λ ¼ 1064 nm, and

R
B2dl ¼ 10.25 T2m, from

the amplitude of the He peak at 32 μbar, the value of Δnu
for helium,ΔnðHe;PVLASÞu ¼ ð2.7� 0.3Þ × 10−16 T−2 atm−1,
results in agreement with other published values [6,28,29].
It must be noted that this value is obtained from a single
low-pressure point. Two other low-pressure points were
also taken. Figure 3 shows a graph of ΔnðHeÞ=B2 as a
function of pressure P.
The calibration process also allows the determination of

the physical phase of the Fourier components: the ellipticity
induced by a magnetic birefringence is maximum when the

TABLE II. Vacuum equivalent pressures Peq for various gases.

Gas Δnu [T−2 atm−1] Peq [mbar]

He 2.1 × 10−16 2 × 10−5

Ar 7 × 10−15 6 × 10−7

H2O 6.7 × 10−15 6 × 10−7

CH4 1.6 × 10−14 3 × 10−7

O2 −2.5 × 10−12 2 × 10−9

N2 −2.5 × 10−13 2 × 10−8
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magnetic field is at ϑ ¼ �45° with respect to the polari-
zation direction. Since a magnetic birefringence can be
either positive or negative, the physical phase is determined
mod 180°. A magnetically induced birefringence must have
a phase consistent with the calibration phase. The ellipticity
amplitudes determined from the Fourier transforms of the
data obtained in vacuum are therefore projected along the
physical axis and along the nonphysical orthogonal axis.

IV. RESULTS

The data presented in this paper have been collected by
rotating the two magnets at frequencies ranging from 2.4 to
3 Hz for a total of 210 hours. Of these, 40 hours have been
acquired with the magnets rotating at slightly different
frequencies so as to check that neither of the two was
generating spurious signals.
The data analysis procedure is as follows:
(1) For each run, lasting typically one day, the acquired

signals are subdivided into blocks of 8192 points
(256 magnet revolutions), and a Fourier transform
of the ellipticity signal ψðtÞ, calculated using equa-
tion (6), is taken for each block.

(2) For each block, the average noise in the ellipticity
spectrum around 2ΩMag is taken. The ellipticity
amplitude noise follows the Rayleigh distribution

PðρÞ ¼ ðρ=σ2Þe− ρ2

2σ2 , in which the parameter σ rep-
resents the standard deviation of two identical
independent Gaussian distributions for two variables
x and y, and ρ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. In our case, x and y

represent the projections of the ellipticity value at
2ΩMag along the physical and the nonphysical
axes. The average of PðρÞ is related to σ by
hPi ¼ σ

ffiffiffiffiffiffiffiffi
π=2

p
. For each data block, σ is determined.

This value is used in the next step as the weight for
the ellipticity value at 2ΩMag.

(3) For each run, a weighted vector average of the
Fourier components of the ellipticities at 2ΩMag,
determined in step 2, is taken.

(4) Using the values for F ,
R
B2dl, and λ for each run,

Δn=B2 and σ=B2 are determined. Δn=B2 is then
projected onto the physical and nonphysical axes.
These values are plotted in Fig. 4.

The weighted vector average of all the runs results in a
value for the unitary birefringence of vacuum, with a 1σ
error, of

ΔnðvacÞu � σΔnðvacÞu
¼ ð4� 20Þ × 10−23 T−2 ð7Þ

for the physical component (same phase and sign as for
the helium Cotton-Mouton birefringence). For the non-

physical component, one finds Δnðnon physicalÞu � σΔnðvacÞu
¼

ð5� 20Þ × 10−23 T−2. This new limit is about a factor

FIG. 3 (color online). Measured ΔnðHeÞ=B2 as a function of
pressure P. The error bars correspond to a 1σ statistical error. The
data are fitted with a linear function aþ bP.

FIG. 2 (color online). Fourier spectrum of the measured
ellipticity ψðtÞ with 32 μbar pressure of He. The integration
time was T ¼ 4 hours. The peak at 2ΩMag corresponds to
ψ ¼ 1.13 × 10−7. The vacuum magnetic birefringence predicted
by QED is equivalent to a He pressure of ∼20 nbar.

FIG. 4 (color online). Projections of Δn=B2 along the physical
and the nonphysical axes for all the data sets. The horizontal red
line represents the weighed average for all the runs.
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of 50 from the predicted QED value of equation (3),

Δnðvac;QEDÞu ¼ 3.97 × 10−24 T−2.

V. DISCUSSION AND CONCLUSIONS

A. QED

We have reported here on a significant improvement in
the measurement of the magnetic birefringence of vacuum.
In the Euler-Heisenberg framework, we are now only a
factor of 50 away from the theoretical parameter,

Δnðvac;QEDÞu ¼ 3.97 × 10−24 T−2, describing this effect.
Our new limit is

ΔnðvacÞu � σΔnðvacÞu
¼ ð4� 20Þ × 10−23 T−2: ð8Þ

In Fig. 5, we compare previously published results with our
new value and with the predicted QED effect.

In the Euler-Heisenberg framework where ηðQEDÞ1 ¼
4
7
ηðQEDÞ2 ¼ α=ð45πÞ, the elastic photon-photon total cross

section fornonpolarized light dependsdirectlyonΔnðvac;QEDÞu .
In the limit of low-energy photons, Eγ ≪ mec2 [31–33],

σðQEDÞγγ ðEγÞ ¼
973μ20
180π

E6
γ

ℏ4c4
ðΔnðvac;QEDÞu Þ2: ð9Þ

From the experimental bound on ΔnðvacÞu , one can therefore

place an upper bound on σðQEDÞγγ :

σðQEDÞγγ < 4.6 × 10−66 m2@1064 nm ð10Þ

The QED prediction for this number is instead σðQEDÞγγ ¼
1.84 × 10−69 m2.
Although the sensitivity of our apparatus is far from its

theoretical shot noise limit, integration in the absence of
spurious peaks at the frequency of interest has allowed this

significant improvement. The origin of the excess noise is
still unknown but is clearly due to the presence of the
Fabry-Perot cavity; without the cavity, shot noise is
achieved. We suspect that the origin of this noise is due
to variations in the intrinsic birefringence of the reflective
coating due to thermal effects. Nonetheless, at present
the ellipsometric technique is the most sensitive one for
approaching low-energy nonlinear electrodynamics effects.
Efforts will now go into the improvement of the sensitivity.

B. Axion-like particles

Compared to model-dependent constraints deriving
from astrophysics [34], limits from laboratory experiments
cannot compete. Nevertheless, they can set new model-
independent limits on the coupling constant of axion-like
particles (ALP) to two photons. In the results presented
here, only the runs with both magnets rotating at the same
frequency were used, so that the total field length could be
taken as the sum of the two magnet lengths.
The magnetic birefringence induced by low mass axion-

like particles can be expressed as [7]

Δnðvac;ALPÞ ¼ g2aB2

2m2
a;s

�
1 −

sin 2x
2x

�
; ð11Þ

where ga is the ALP-2 photon coupling constant, ma its

mass, x ¼ Lm2
a

4ω , ω is the photon energy, and L is the
magnetic field length. The above expression is in natural

Heavyside-Lorentz units, whereby 1 T¼
ffiffiffiffiffiffiffi
ℏ3c3

e4μ0

q
¼ 195 eV2

and 1 m ¼ e
ℏc ¼ 5.06 × 106 eV−1.

In the approximation for which x ≪ 1 (small masses),
this expression becomes

Δnðvac;ALPÞ ¼ g2aB2m2
aL2

48ω2
; ð12Þ

whereas for x ≫ 1,

Δnðvac;ALPÞ ¼ g2aB2

2m2
a
: ð13Þ

From our limit on ΔnðvacÞu given in equation (7), one can
plot a new model-independent exclusion plot for ALPs.
The plot is shown in Fig. 6. Above 10−3 eV, there is an
improvement on the upper limit of ga with respect to
previously published model-independent limits.

C. Millicharged particles

Slightly better exclusion plots can also be derived from

ΔnðvacÞu for fermion and scalar millicharged particles. The
vacuummagnetic birefringence due to the existence of such
hypothetical millicharged particles can be calculated fol-
lowing Ref. [35–37]. By defining the ratio of the charge q

FIG. 5 (color online). Comparison of published results for
ΔnðvacÞu of ellipsometric experiments (BFRT ¼ ½7�, Legnaro ¼
½15�, Ferrara test ¼ ½16�, BMV ¼ ½25�). The error bars correspond
to a 1σ C.L.
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of such particles to the charge of the electron ϵ ¼ q=e
and χ as

χ ≡ 3

2

ℏω
mϵc2

ϵeBℏ
m2

ϵc2
; ð14Þ

it can be shown that

Δnðvac∶ fermionÞ

¼
8<
:

ΔnðMCPÞ
u B2 ðχ ≪ 1Þ

− 135
14

π1=221=3ðΓð2
3
ÞÞ2

Γð1
6
Þ χ−4=3ΔnðMCPÞ

u B2 ðχ ≫ 1Þ;
ð15Þ

Δnðvac∶ scalarÞ

¼
8<
:

− 1
2
ΔnðMCPÞ

u B2 ðχ ≪ 1Þ
135
28

π1=221=3ðΓð2
3
ÞÞ2

Γð1
6
Þ χ−4=3ΔnðMCPÞ

u B2 ðχ ≫ 1Þ;
ð16Þ

where, in analogy to QED, ΔnðMCPÞ
u is

ΔnðMCPÞ
u ¼ 2

15μ0

ϵ4α2ƛ3ϵ
mϵc2

: ð17Þ

In Fig. 7, we show our new limit on ϵ as a function of
particle mass compared to a previous limit obtained
from magnetically induced dichroism measurements
[38]. In the case of fermions, this includes neutrinos for
which ϵ≲ 10−7 for masses below 20 meV. For previous
limits, see Ref. [39].
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