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Using modern high-resolution observations of extragalati ompat ra-

dio soures we obtain an estimate of the upper bound on a photon eletri

harge at the level eγ . 3 · 10−33
of elementary harge (assuming the photon

harge to be energy independent). This is three orders of magnitude better

than the limit obtained with radio pulsar timing. Also we set a limit on a

photon harge in the gamma-ray band (energies about 0.1 MeV). In future

the estimate made for extragalati soures an be signifiantly improved.
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1 Introdution

The most restritive up-to-date upper limit on an eletri harge of photons

was obtained from the timing of milliseond radio pulsars. Radio impulses

are smeared due to a dispersion of harged photons moving through the

interstellar magneti field (Cooni, 1988; the result was later refined by

Raffelt, 1994):

eγ/e < 5 · 10−30.

A little bit weaker onstraint on a photon harge was disussed by Co-

oni (1992) with a different approah based on an angular spread of photons

propagating from distant extragalati soures. This spread arises due to a

deviation of a photon having a hypotheti small harge in a magneti field.

An estimate of eγ/e < 10−27.7 ≈ 2 ·10−28
has been obtained with this method

from an examination of a photon trajetory in the magneti field of our

Galaxy (B ∼ 10−6
G, path length l ∼ 10 kp). This restrition an be signif-

iantly improved by an inreasing of the path length (i.e. it is neessary to

study the effet in extragalati fields) and, additionally, by extending the

bandwidth (the limit of Cooni (1992) is based on observations in a quite

narrow bandwidth ∼ 2 MHz).

Another onstraint has been obtained reently by a study of properties of

osmi mirowave bakground. An existene of a small photon harge would

result in harge asymmetry of the Universe and would ontribute to the

observed CMB anisotropy. The quantitative onsideration (Caprini et al.,

2003) leads to a very strong upper limit of eγ/e < 10−38
, but it is valid only

in the ase of non-antiorrelated harge asymmetries produed by different

types of partiles, and, more important, if photons have harges of only one

sign. These assumptions make this limit model-dependent

1

.

We note, that the best laboratory limit eγ/e < 8.5 · 10−17
(Semertzidis

et al., 2003) is signifiantly worse than the astrophysial restritions.

1

See also an earlier paper by Sivaram (1994) where the author disusses a limit based

on the osmi mirowave bakground radiation.
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2 Calulations and estimates

Reent observations show that magneti fields in many galati lusters are

as large as few mirogauss with a harateristi autoorrelation length of

few kp (see a review of Carilli and Taylor (2002) and referenes therein).

If a photon exhibits small but finite eletri harge (and all photons have

the same sign of the harge) then photons with different energies moving

through intraluster magneti field would follow different trajetories. It

would result in an inrease of an angular size of a soure (of ourse the same

but smaller effet should exist for interluster fields). Also in observations at

two different frequenies enters of images would be shifted relative to eah

other

2

, simultaneously emitted photons of different energies would reah

an observer at different moments. If photons have different signs of the

harge (but the same absolute values) then images would be smeared even

for monoenergeti radiation; however, the position of the image enter should

not depend on photons energy in this ase.

Let an ultrarelativisti partile (a photon) with an eletri harge eγ and
a momentum p = hν/c move through a magneti field with a omponent

BY orthogonal to the momentum. Its trajetory will have a urvature radius

equal to cp/(eγBY ). One an see that a deviation will be more signifiant

for low-energy radio photons, and, besides, the angular resolution of radio

observations (with the VLBI tehnique) is muh better than in other parts of

eletromagneti spetrum � it an be as small as 10−5
arseonds. Thus, one

should expet that the best restrition on a photon harge will be obtained

in the radio frequeny range. But taking into aount that the origin of the

effetive harge of photon an be related to violation of Lorentz-invariane

we will disuss the upper limit on a photon harge in a wide range of energies.

A photon travelling along an ar with a radius of rH after passing a

distane dl turns by an angle dl/rH (in radians). So the soure at a distane

l⋆ from a detetor will be observed shifted by an angle

ϕX =

∫ l⋆

0

dl

rH(l)
=

eγ
h

∫ l⋆

0

BY (l)dl

ν(l)
. (1)

along the X-axis orthogonal to the line of sight (Z axis).

A dependene of a frequeny on l appears for osmologial distanes due

to a redshift: ν(z) = (1 + z)ν0.

2

We assume the angles of deviation to be small throughout this artile.
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Two photons with different energies diverge by an angle (if the photon

harge is not energy dependent):

∆ϕ = ϕ1 − ϕ2 =
eγ
h

∫ l⋆

0

BY

(

1

ν1
−

1

ν2

)

dl. (2)

Thus, observation of a soure with an angular diameter ∆ϕ in a band ∆ν
(with ∆ν ≪ ν) leads to a onstraint on a photon harge:

eγ/e .
∆ϕh

e

(
∫ l⋆

0

BY∆νdl

ν2

)−1

. (3)

On the other hand, when observations are performed in two well sepa-

rated frequeny ranges (ν1 ≪ ν2) one an use an approximation ∆ν/ν2 ≈
1/ν1, and

eγ/e .
∆ϕh

e

(
∫ l⋆

0

BY dl

ν1

)−1

. (4)

Here ∆ϕ should be onsidered as an angular distane between two images

in two different bands. The integrals in the equations (3) and (4) an be es-

timated from an observational data on the Faraday rotation of polarization

plane of the radio wave propagating in magnetized plasma. This quantity

is expressed in terms of rotation measure (RM) defined as the angle of po-

larization rotation divided by the wave length squared. For a ompletely

ionized medium we have (Clark et al., 2001):

RM = 8.12× 105
∫ l⋆

0

neBZdl. (5)

The distane is given in Mp, ne in m
−3
, BZ is the longitudinal projetion

of magneti field (in mirogausses). In the ase of isotropi distribution of

the field, the longitudinal projetion under the integral an be hanged by a

projetion on any other axis, for instane by BY . Assuming this further we

will omit the projetion index of B.
The redshift dependene is negleted in the equations above. In the ase

of z being not negligible, the formulae should be rewritten in the terms of

the redshift rather than the distane. Beside this, the osmologial effets

should be taken into aount.

The element of integration may be expressed as:
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dl = −
c

H0

(1 + z)−3/2dz

(this equation is related to the flat Universe without the �dark energy� on-

tribution; taking this ontribution into aount would make the limit more

restritive). B(z) = B0(1 + z)2, ν(z) = ν0(1 + z) (Ryu et al., 1998).

Then the Eq. (3) is transformed to:

eγ/e <
∆ϕh

e

(
∫ z⋆

0

∆ν0(1 + z)

ν2

0
(1 + z)2

B0(1 + z)2
c

H0

(1 + z)−3/2dz

)

−1

=

=
∆ϕh

e

H0ν
2

0

cB0∆ν0
·

1

2(
√
1 + z⋆ − 1)

. (6)

For z⋆ ≪ 1 the last fration in the Eq. (7) tends to 1/z⋆.
In the ase of extragalati soures usually it is diffiult (or impossible)

to obtain a good estimate of the magneti field on the line of sight. Here

for illustrative purposes we derive a limit on a photon eletri harge using

modern estimates of large sale extragalati magneti fields. Considering

the effet of large sale magneti field (with the sale larger than the size of

a galati luster) one an use the estimation made by Kronberg (1994) for

the upper limit on the �osmologially aligned� magneti field: B0 < 10−11
G

(these data are obtained from the upper bound of 5 rad/m

2
on any system-

atial growth of RM with distane for z = 2.5), as well as the upper limit

of B0 < 10−9
G for hanging field with the orrelation length of ∼ 1 Mp.

Widrow (2002) gives the upper limit on the uniform omponent of the os-

mologial field of B0 < 6 · 10−12
G (ne/10

−5
m

−3)−1
. This limit agrees with

the quoted above estimation by Kronberg. Different investigations (see the

up-to-date review in Widrow, 2002) indiate that the real rotation measure

annot be less than the given upper limit by 2-3 orders of magnitude. So

we an onservatively take B0 > 6 · 10−15
G as the lower limit for the �non-

ompensated� osmologial field.

Let us use real observations to estimate an effet of suh low magneti

fields. As part of the VSOP (VLBI Spae Observatory program) Lobanov

et al. (2001) observed the quasar PKS 2215+020 at ν0 = 1.6 GHz in a

bandwidth ∆ν0 = 32 MHz. The angular resolution was about 1 mas. The

redshift of the soure is z⋆ = 3.57 that orresponds to the distane l⋆ ≈
4700 Mp. Substituting these quantities into Eq. (6) and assuming B0 =
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6 · 10−15
G, H0 = 70 km/s/Mp=2.3 · 10−18

1/s, we get the limit on a photon

harge:

eγ/e . 6 · 10−29.

It is only an order of magnitude worse than the restrition of Raffelt (1994).

However, we use here only a very onservative upper limit on the uniform

omponent of extragalati magneti field. As another example let us on-

sider an improvement of this limit (with the same frequenies and angular

resolution) if the soure is observed through a typial luster (relatively lose

to us, z ≪ 1). Negleting the osmologial effets the integral in (3) is trans-

formed to (∆ν/ν2)
∫

Bdl. With an estimate of its value as Bl = 1µ G ·Mp

(the produt of typial values of intraluster field and the size of the entral

part of luster) we obtain:

eγ/e <
∆ϕh

e

ν2

Bl∆ν
= 2 · 10−33.

Thus, observation of a soure through relatively high intraluster fields

(whih are, besides, known with better auray than the fields outside lus-

ters) allows to improve signifiantly the limit on an eletri harge of photon

in spite of the shorter pass length in the field.
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3 Speifi example

In the example presented below a luster of galaxies (whih works as a �sat-

tering sreen�) has z ≪ 1 and the influene of an interluster field is ne-

gleted. When z is low, the dependene of frequeny on distane in Eqs. (3)

an (4) an be negleted. Owing to this the limit on a photon harge an

be expessed diretly in terms of the observable rotation measure by exlud-

ing the distribution of magneti field end eletron density along the photon

trajetory:

eγ/e . 3.2 · 10−19
∆ϕh

e
f(ν)−1

812h
1/2
70

RM
, (7)

where f(ν) = ∆ν/ν2
or 1/ν1 if the frequenies are lose or distant orrespond-

ingly. We use Eq. (5) and express an eletron density as ne = 10−3h
1/2
70

1/m

3

(Clarke et al., 2001)

3

.

When observations are performed in separated frequenies (ν1 ≪ ν2) this
formula an be rewritten as:

eγ/e = 1.8 · 10−32h
1/2
70

(

∆ϕ

0.001′′

)

( ν1
1 GHz

)

(

RM

1 rad/m

2

)

−1

. (8)

Let us onsider the ompat soure 3C84 in the galaxy NGC1275 that

is situated lose to the enter of the luster Abell 426 (the Perseus luster,

z = 0.0183). This soure was observed by Sott et al. (2004). These authors

made a survey of 102 ative galati nulei at 5 GHz with the VSOP faility

(the VLBI network with the spae antenna HALCA). Among six ompo-

nents of 3C84 the smallest one has a diameter (at FWHM) 0.8 mas. Taking

into aount 10% preision ited in that paper we onservatively assume the

angular diameter to be 0.9 mas. The entral frequeny and the band width

are 4.8 GHz and 32 MHz orrespondingly.

The rotation measure for 3C84 was measured by Rusk (1988):

RM = +76 rad/m2.

In addition it is worth noting that the Perseus luster is a soure of polar-

ized dispersed radio emission at 350 MHz (Brentjens, de Bruyn, 2003) with

3

Note that the normalized Hubble onstant h70 is always used with a lower index,

whereas the Plank onstant h is written without an index.
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RM ∼ 25-90 rad/m2
(inluding the luster outskirts). Taking all together we

an safely assume that at least a rotation measure ∼ 25 rad/m

2
is aquired

not in the entral regions with high eletron density but in the outer regions

of the luster. Aording to Churazov et al. (2003) ne outside the entral

sphere with a radius ∼ 0.3 Mp is small (. 10−3
m

−3
) and weakly depends

on the distane from the luster enter.

At first let us disuss the ase of two signs of a photon harge. In this

ase the smearing of a point soure appears even in observations in a narrow

band, so we an use Eq. (8). Substituting ν1 = 4.8 GHz, RM = 25 rad/m

2
,

ne = 10−3
1/m

3
, ∆ϕ = 0.9 mas, we obtain a limit on the absolute value of

a photon harge:

eγ/e . 3 · 10−33.

For photons with the one sign of harge, the widening appears due to

different energies of the partiles, i.e. it depends on the bandwidth (∆ν =
32 MHz in our ase), and the effet is smaller. Using Eq. (7) and f(ν) =
∆ν/ν2

we have:

eγ/e . 4 · 10−31.
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4 Disussion

Different methods to derive limits on a photon harge are possible. They

may be related to different tehnique as well as to observations in different

spetral ranges.

A strong onstraint an be obtained from the VLBI observations of lose

pairs of soures in several frequenies. In this ase the angular distane be-

tween the soures an be measured as aurately as tens of µas (Bartel, 2003).
Observations of two soures with different redshifts in several frequenies

(like the ones arried out by Rioja, Poras, 2003) an give important upper

limits.

Cooni (1992) had also obtained some onstraints (quite weak) from

data on an angular dispersion in optial and X-ray ranges: eγ/e < 10−25.4
.

He onsidered the dispersion in magneti fields of the Galaxy. The usage

of modern data on extragalati fields an provide a signifiantly improved

limit.

Study of gamma-ray bursts with known redshifts (these data were not

available at the time of publiation of Cooni, 1988, 1992 and Raffelt, 1994)

annot provide limits omparable with those obtained from the pulsar timing

and from angular defletion of radio soures. However, the possible energy

dependeny of a photon harge (as mentioned above) gives a good oasion

to disuss harge limits in a wide energy range.

Taking into aount that the dispersion for gamma quanta in the inter-

stellar medium is negligible, the time delay is written as (Barbiellini, Cooni,

1987):

∆t =
e2γB

2l3⋆
24cE2

.

Here the delay is alulated relative to the arrival time of the photons with

energies muh larger than E. If it is not the ase (for example observations

are made in a narrow band ∆E ≪ E) then the delay an be written as:

∆t =
e2γB

2l3⋆
12cE2

∆E

E
.

Both the formulae an be applied to photons with different signs of harge

as well as to photons with the same sign.

A width of a rising edge of GRB is sometimes shorter than 1 ms (∼200-
250 µs, Shaefer, Walker 1999). This quantity an be taken as an estimate
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of a maximum time delay. Then for ∆E/E = 0.5 we have (negleting

osmologial effets):

eγ/e < 5.6·10−21

(

E

100 keV

)(

B

6 · 10−15
G

)

−1(

∆t

0.1ms

)1/2 (
l⋆

1000Mp

)

−3/2

.

Here we normalize the magneti field by the lower limit on the uniform

omponent of the extraluster field without taking into aount the haoti

omponent of the field that is not known reliably yet. As before, the restri-

tion an be strenghtened signifiantly if a GRB would be observed through

a luster with known magneti field.

5 Conlusions

Modern VLBI observations of extragalati radio soures give the stringest

limits on the photon eletri harge at the level of eγ/e . 3 · 10−33
(with

an assumption that photons with different signs of the harge are equaly

abundant, and that a photon harge does not depend on energy). These

limits an be improved by the VLBI observations of lose pairs of ompat

soures through lusters with known magneti field as for the ase of lose

soures the preision of angular distane measurements an be about 10 µas.
Also it is desirable to use data on several soures to improve the statistis

4

.

In future, spae radio telesopes will ahieve muh better angular resolution

(Bartel, 2003; Fomalont, Reid, 2004), so preise observations of extragalati

radio soures will provide the most restritive upper limits on the photon

eletri harge.

The authors thank Andrei Lobanov and an anonymous referee for helpful

omments. Speial thanks to the organizers of the HEA-2003 onferene and

to partiipants of the web-projet Sientifi.Ru.
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