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Limits on gravity-induced depolarization of light from the white dwarf Grw 170°8247
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We use measurements of the polarization of light from a magnetic white dwarf to impose sharp constraints
on the gravity-induced birefringence of space predicted by a broad class of nonmetric gravitation theories.
Since gravity-induced birefringence violates the Einstein equivalence principle, our measurements test this
foundation of general relativity and other metric gravitation theories in a new setting.
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Observing how propagation through a gravitational fie
affects light provides several classic tests of general relati
and other gravitation theories@1#. Measurements of the de
flection of light and radio waves that graze the Sun’s lim
and of the closely related Shapiro delay are familiar
amples. Until quite recently, however, a striking effect
light propagation predicted by some nonmetric alternati
to general relativity was overlooked. Only in the mid 198
did Ni @2# note that nonmetric gravitational fields can sing
out linear polarization states of light that propagate with d
ferent speeds and use pulsar polarization data to imp
rough constraints on this possibility.

Strong constraints on this kind of gravity-induced bir
fringence have been imposed since then by exploiting
way it can cause light’s polarization to change as it pro
gates through a gravitational field. Gabrielet al. @3,4# used
this approach to sharply constrain the strength of any b
fringence induced by the Sun’s gravitational field when th
discovered that versions of Moffat’s nonsymmetric gravi
tional theory~NGT! @5# predicted this phenomenon. If th
birefringence were too pronounced, polarized light emit
from magnetically active regions near the Sun’s limb wou
be depolarized as it propagates to an observer. Since
observes polarized radiation from such regions, any grav
induced birefringence cannot be too strong. Solanki a
Haugan@6# refined the resulting constraint, expressed as
upper limit on the Sun’s NGT charge, tol (

2 ,(305 km)2.
In this paper we show that observing polarized light fro

the white dwarf Grw170°8247 imposes an analogous co
straint on any birefringence induced by its strong grav
tional field. Our constraint is a sharp one despite being c
servative. It is expressed as an upper limit on the star’s N
charge,l

*
2 ,(4.9 km)2. It is conservative because it is bas

on worst-case assumptions regarding the size, shape an
cation on the stellar disk of the magnetically active reg
that emits the star’s polarized light, assumptions that m
mize depolarization caused by any gravity-induced birefr
gence.
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We state our constraint in the form above to facilita
comparison with earlier ones. Note, however, that the sign
cance of all these constraints goes far beyond testing
sions of NGT. Predictions made by that theory merely p
vide concrete examples of gravity-induced birefringence
phenomenon predicted by a broad class of the nonme
theories encompassed by thexg formalism @4#. Haugan and
Kauffmann @7# emphasize this generic quality of gravity
induced birefringence and show how to compute its effe
using thexg representation of any gravitational field. The
also emphasize that observations constraining the streng
gravity-induced birefringence complement more famil
tests of the Einstein equivalence principle, the Eo¨tvös, gravi-
tational redshift and Hughes-Drever experiments@1#, for ex-
ample.

For our purposes the gravitational field of a white dwarf
adequately approximated as static and spherically symme
This symmetry dictates that a light ray propagating throu
the star’s gravitational field lies in a plane and that any bi
fringence induced by the field shows up as a difference
tween the phase velocity of light polarized with its magne
field parallel to the ray’s plane and that of light polarize
with its magnetic field perpendicular to the ray’s plane. Th
velocity difference varies as the ray’s distance from the s
and its orientation relative to the radial direction chang
Any given nonmetric gravitation theory predicts a speci
variation. The version of NGT considered by Gabrielet al.
@3# predicts a fractional difference between the speed of li
polarized with its magnetic field parallel to the ray’s pla
and propagating at an anglef relative to the radial direction
and the speed of light polarized with its magnetic field p
pendicular to the ray’s plane of

cf2c'

c'

5
l
*
4

2r 4 sin2 f, ~1!

wherel * is the star’s NGT charge andr is distance from the
stellar core. To be definite, we use this expression in co
putations described below.
©1999 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW D 59 047101
Gabrielet al. @4# established that this phase velocity d
ference implies that propagation from a point source on
star’s surface to a distant observer introduces a phase
betweeni and' polarized light. Specifically,

DF~m!5
p l

*
4

lR
*
3 H 3p

16~12m2!3/22
m

4
2

3m

8~12m2!

2
3

8~12m2!3/2arcsinmJ , ~2!

wherel is the light’s wavelength,R* the star’s radius and
m5cosu, with u being the angle between the line of sight
the source point and the normal to the stellar surface at
point. This phase shift vanishes, as required by symme
for a point source at the center of the stellar disk (m51) and
increases monotonically asm decreases to zero at the stell
limb.

The effect of this phase shift on light from a point sour
is to introduce cross-talk between circularly polarized lig
and linearly polarized light that has its magnetic field
clined at 45° relative to the plane in which the light ra
propagates. An observer who defines Stokes parameters
tive to a fixed direction in space rather than relative to
light ray’s plane finds that the cross-talk is between StokeV
and a linear combination ofQ andU. The linear combina-
tion depends on the location of the light source on the ste
disk because the plane in which the light propagates is
pendicular to the stellar limb at the point at which it is clo
est to the light source.

The effect of the phase shift~2! on polarized light from an
unresolved, extended source is more complicated. In
situation, light reaching an observer from different parts
the source suffers different phase shifts and arrives with
ferent polarizations. We must sum over these different co
ponents, using the additive property of the Stokes par
eters, to determine the polarization the observer measu
The result is a reduction of the polarization observed rela
to that of the light when it left the source. Specificall
A(Vobs)

21(Qobs)
21(Uobs)

2<A(Vsrc)
21(Qsrc)

21(Usrc)
2,

where the subscripts ‘‘src’’ and ‘‘obs’’ identify Stokes pa
rameters defined using the flux of radiation propagating
ward the observer in the neighborhoods of the source an
the observer, respectively. Equality of these polarizations
plies the absence of gravity-induced birefringence,l

*
2 50.

While it is generally agreed that the polarization of wh
dwarfs is produced at the stellar surface as a result of
presence of Megagauss dipolar magnetic fields@8,9#, we en-
counter a self-consistency problem when seeking evidenc
depolarization in order to constrain gravity-induced birefr
gence. To determine whether this effect has depolarized l
received from a white dwarf we must know the properties
the light the white dwarf emitted, but models of magne
field distributions on white dwarfs and the data-fitting proc
dures used to determine source properties from such mo
ignore the possibility of gravity-induced birefringence. Co
sequently, the inferred source properties need not be val
gravity-induced birefringence is significant. We break th
vicious circle by assuming worst-case source properties
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minimize depolarization caused by any gravity-induced bi
fringence. This allows us to use observational data to imp
conservative, though still sharp, constraints on the stren
of any such birefringence.

The polarization of a white dwarf can be accounted for
a large source region on its stellar disk emitting weakly p
larized light or by a smaller region emitting more strong
polarized light. Other things being equal, gravity-induced
refringence causes less depolarization of light from sma
sources than from larger ones because the phase shif~2!
varies less across a smaller source@4#. The least possible
depolarization occurs for a circular source of completely p
larized light centered on the stellar disk because suc
source is as small as possible and because the phase sh~2!
varies most slowly near its minimum at the stellar disk
center,m51. For simplicity, we assume complete circul
symmetry of our worst-case source. This implies that lig
emitted by the source is completely circularly polarize
Note that our conclusions are unaffected by the fact t
linear white dwarf polarizations are observed. Gravi
induced birefringence causes cross-talk between StokeV
and one component of any linearly polarized light and de
larizes that component just as it does circularly polariz
light. The fact that the other linearly polarized componen
unaffected by gravity-induced birefringence is irrelevant
the present context because we focus on measuremen
white dwarf circular polarization.

Denote the worst-case source’s projected radius
R*

A12mp
2. Light emitted from the rest of the stellar disk

unpolarized. It follows that the net flux of polarized ligh
emitted toward the observer at wavelengthl from the star’s
surface is

Vl,src52pE
mp

1

I l~m!m dm, ~3!

whereI l(m) is the intensity at wavelengthl emitted toward
the observer from the projected radiusR*

A12m2. To define
a degree of circular polarization we divide this by the to
stellar flux emitted toward the observer at wavelengthl:

Fl52pE
0

1

I l~m!m dm. ~4!

The functionI l(m) describes limb darkening. We will se
that our constraints on gravity-induced birefringence are
sensitive to differences between the forms this function
predicted to have by reasonable models of limb darken
and so, for the moment, simply suppose that it has one
those forms. It is then easy to compute the flux of circula
polarized light an observer receives from a white dw
given the size of its source of polarized light,mp , and the
strength of birefringence induced by its gravitational fie
l
*
2 . To do so, letVl,obs(m) denote the flux of circularly

polarized light reaching the observer from the ring on t
stellar disk atm(<mp). This is determined byI l(m) and
DF~m! @4#. Note that circular symmetry implies that ligh
1-2
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BRIEF REPORTS PHYSICAL REVIEW D 59 047101
received from the ring has no net linear polarization. Su
ming contributions from the rings covering the polariz
light source we find that the net flux of circularly polarize
light of wavelengthl reaching the observer is

Vl,obs52pE
mp

1

Vl,obs~m!m dm. ~5!

To make contact with observations we divide this byFl to
obtain an observed degree of circular polarization.

A measured value of a white dwarf’s degree of circu
polarization at wavelengthl implies, via Eq.~5!, a relation-
ship between its source size,mp , and the strength of any
birefringence induced by its gravitational field,l

*
2 . Sincemp

is not knowna priori, we cannot simply use this relationsh
to determinel

*
2 . However, we can infer a constraint onl

*
2

by recognizing that there is a largest value of this param
that is consistent with the observed circular polarization
the white dwarf. To see this, imagine trying to use the re
tionship betweenmp and l

*
2 to determine the size of th

star’s polarized source for different values ofl
*
2 . This can

certainly be done for small values since a unique source
can be found to account for the white dwarf’s polarization
the absence of gravity-induced depolarization,l

*
2 50. Note

that as the value ofl
*
2 is increased from zero, the value ofmp

must decrease since a larger source causing more stro
polarized light to leave the star’s surface is necessary to c
pensate for gravity-induced depolarization and account
the observed stellar polarization. There is, however, a li
to what can be achieved by decreasingmp since larger source
size implies a greater degree of gravity-induced depolar
tion. Clearly, there is a largest value ofl

*
2 consistent with

any measured degree of circular polarization. In practice,
search for this value by evaluating Eq.~5! numerically for
increasing values ofl

*
2 . The value we use to impose a lim

on the strength of gravity-induced birefringence is the larg
one for which a 1>mp>0 exists that predicts values o
Vl,obs/Fl larger than or equal to that observed. The nume
cal evaluation of Eq.~1! reveals that themp at which the
largestVl,obs/Fl is predicted depends onl

*
2 .

The white dwarf we use to impose a constraint on grav
induced birefringence is Grw170°8247. This is a well-
studied high-field magnetic white dwarf with a parallax
0.0769 @10#. It was the first white dwarf found to have
magnetic field@11# on the basis of polarized observatio
@12#. Its most likely effective temperatureTeff of 14000 K
@10,13# implies a radius of 0.0076R( , where R( is the
solar radius, and a mass of about 1.0M ( , whereM ( is the
solar mass@14#.

Polarization measurements of Grw170°8247 have been
published by Landstreet and Angel@15#, Angel et al. @16#,
and Allen and Jordan@17#. Its polarization is time indepen
dent. SinceDF is proportional to 1/l, we find the wave-
lengthl at whichVl,obs/lFl is greatest in order to impos
the sharpest possible constraint onl

*
2 . For observations in

the visible spectral range, analyzed and discussed in deta
Angel et al. @16#, this condition is satisfied byVl,obs/Fl5
2660.25% at 449 nm. The larger this observed degree
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polarization is, the stronger the resulting constraint onl
*
2 ,

and so it is interesting to note that recent Hubble Space T
scope spectropolarimetry in the ultraviolet has revealed h
levels of circular~12%! and linear~20%! polarization be-
tween 130 and 140 nm, with the absorption feature at 13
nm being particularly prominent@17#. To be conservative
we assume a large absolute error of 1.0% on these mea
ments, and useVl,obs/Fl511% at 134.7 nm.

As noted above, our evaluation of Eq.~5! depends on the
limb darkening of Grw170°8247. Since the surface of th
star cannot be resolved, this cannot be measured dire
However, we know that the broadband spectrum of G
170°8247 is well represented by blackbody radiation@10#
and by radiative equilibrium models@18,13#. This suggests
that its limb darkening should be well represented by
simple law like the one describing the directly observed so
limb darkening. We have chosen to use@19#

I l~m!

I l~m51!
511~m21!g1~m221!h, ~6!

with

0<g1h<1.

Requiring the sum of the free parametersg andh to be unity
imposes the maximum possible limb darkening, i.e.I l(m
50)50.

Our search for the maximum value ofl
*
2 compatible with

Vl,obs/Fl for l5449 nm yields the constraint l
*
2

<(7.8 km)2 when using the limb darkening coefficien
(g,h)5(0,1). Neglecting limb darkening yields the con
straint l

*
2 <(7.4 km)2. For other values of the (g,h) pair the

constraint onl
*
2 falls between these extremes. Clearly, o

constraint is not sensitive to assumptions about limb dark
ing. The UV observations of Allen and Jordan@17# yield the
tighter constraintl

*
2 <(4.9 km)2.

There is considerable scope for using polarization m
surements of white dwarfs to impose sharper constraints
gravity-induced birefringence. One obvious approach is
make a proper off-center dipole model of the magnetic fi
of the white dwarf and to determine its parameters via a
to observations taking into account possible cross-t
caused by gravity-induced birefringence. Since many pr
erties of the dipolar field can be derived from the total fl
~see, e.g., the analysis by Wickramasinghe and Ferrario@13#
for Grw 170°8247), which is unaffected by gravity-induce
birefringence, this should work well. It would be particular
interesting to perform such an analysis on data from a w
dwarf whose magnetic dipole axis, unlike that of Gr
170°8247, is not aligned with its rotation axis. The pola
ization of such stars is modulated by their rotation. This te
poral modulation provides additional constraints on t
geometry of the magnetic field on the stellar surface. As lo
as the conditiond>p/22 i is satisfied, whered is the angle
1-3
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between the dipole and rotation axes andi is the angle be-
tween the line of sight and rotation axis, the source of
greatest circular~and linear! polarization periodically lies
close to the stellar limb where cross-talk caused by grav
s
d
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d
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er

er

f
P
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tional birefringence is most pronounced. At those times
star’s polarization should be extremely sensitive tol

*
2 . Spec-

tropolarimetry of such stars in the UV would be particular
useful.
P.
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