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Solar constraints on new couplings between electromagnetism and gravity
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The unification of quantum field theory and general relativity is a fundamental goal of modern physics. In
many cases, theoretical efforts to achieve this goal introduce auxiliary gravitational fields, ones in addition to
the familiar symmetric second-rank tensor potential of general relativity, and lead to nonmetric theories be-
cause of direct couplings between these auxiliary fields and matter. Here, we consider an example of a
metric-affine gauge theory of gravity in which torsion couples nonminimally to the electromagnetic field. This
coupling causes a phase difference to accumulate between different polarization states of light as they propa-
gate through the metric-affine gravitational field. Solar spectropolarimetric observations are reported and used
to set strong constraints on the relevant coupling congtakit<<(2.5 kmy.
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[. INTRODUCTION tational field. Nonmetric theories deviate from this pattern,
typically including direct couplings between matter and aux-
The quest for a complete and self-consistent unification ofliary gravitational fields. The Dicke framework encom-
quantum field theory with the theory of general relativity passes nonmetric as well as metric theories of gravity and,
remains one of the most important unsolved problems iriherefore, general relativity as a particular example for a met-
modern theoretical physics. Its solution promises an exteniC theory. In this paper we focus on observable conse-
sion of the standard model of particle physics that encomduences of a nonminimal coupling between a gravitational
passes all fundamental interactions and accounts for everjorsion field and the electromagnetic field.
thing from the evolution of the early Universe to black hole An appropriate framework for the analysis of electrody-
physics. This possibility continues to inspire work on suchnamics in a background gravitational field is given by e
theories even after decades of effort. Clearly, one can expef@rmalism, invented by Ni in 19772]. The x of its name
candidate theories to predicew physicsthat is, phenomena refers to a tensor density which provides a phenomenological
beyond the scope of general relativity and the standar#epresentation of gravitational fields. The structure ofyge
model. The birefringence we study here is an example. ~ formalism is in agreement with the basic assumptions and
Quantum gravity research is unusual in that it is driven byconstraints of the Dicke framework. Demanding electromag-
the need to overcome extraordinary conceptual and matHetic gauge invariance and linearity of the electromagnetic
ematical difficulties in formulating a consistent theory ratherfield equations, the most general Lagrangian density govern-
than by an accumulation of experimental evidence that couling source-free electromagnetic field dynamics is
inform one’s choices among theoretical alternatives. Explor-
ing such alternatives during the past several decades has pro-
duced many theories of gravity and, thus, a need for an over-
arching theoretical framework within which these
alternatives can be compared and classified. The Dick&he independent components of the tensor dengft§”®
framework, defined in Appendix 4 of Dicke's 1964 Les comprise 21 phenomenological gravitational potentials that
Houches lecturegl], can be seen as the basis for a numbemllow one to represent gravitational fields in a very broad
of formalisms encompassing Lagrangian-based local fieldlass of nonmetric theories. [\8] noted that theories encom-
theories of gravity. It demands that gravity be associated witlpassed by this formalism can predict birefringence and used
one or more fields of tensorial character. Consequently, altepulsar polarization observations to constrain this possibility.
natives to general relativity generally feature one or morePerhaps because no specific theory predicting birefringence
gravitational fields in addition to the usual second-rank symwas recognized at that time, the significance of Ni's result
metric tensor potential. The distinction between metric andvas initially overlooked.
nonmetric alternatives often turns on the manner in which This situation changed when Moffat published a revised
matter couples to such additional fields. The purely geoversion of his nonsymmetric gravitation theofMGT) [6].
metrical character of general relativity and other metric theoOne year later, Gabriedt al. showed that NGT predicts a
ries is a consequence of the familiar minimal coupling ofpolarization-dependent speed of light as a consequence of a
matter fields to a single symmetric second-rank tensor graviviolation of the Einstein equivalence principle and imposed
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the first sharp constraints on the magnitude of this birefrin-gravitation requires a more general framework.

gence[7—9] (in this context see also Solanki and Haudgidh One possibility is to formulate gravity as a gauge theory

and Solankiet al. [5]). In contrast to these earlier investiga- of an underlying local spacetime group. Metric-affine gravity

tions, the present paper is not concerned with NGT. It fo{MAG) is based on the assumption that affine transforma-
cuses on another alternative to general relativity drawn frontions are the gauge group. It is the most general canonical
the class of metric-affine theories of gravilyAG) [13], in  gauge theory of gravity13].

part because an array of technical difficulties have chal- Metric-affine theories use a second-rank symmetric tensor
lenged the viability of NGT[11,12. We show that birefrin- field, a co-frame field and a connection one-form field to

gence is a generic feature of MAG in the case of nonminimatepresent gravitational potentials. Although the symmetric
coupling between electromagnetism and gravity, specificallyensor is referred to as the metric, metric-affine theories are
torsion, and use solar data to set sharp constraints on a rgenerally nonmetric. Other gravitational potentials, specifi-

evant coupling constant. We hope that this example willcally the torsion and nonmetricity fields extracted from the

prompt further work on gravity-induced birefringence pre-connection, couple directly to matter. Nonmetric couplings to

dicted by metric-affine theories and other alternatives to genthe electromagnetic field can lead to gravity-induced bire-
eral relativity. In that regard, s4é4,15. fringence.

It is important to note that the significance of such con- In this section we will carefully examine the possible cou-
straints goes far beyond testing versions of NGT or MAG.pling of the electromagnetic field to gravity within the frame-
These are merely concrete examples of theories that prediatork of MAG. Under the assumption of electric charge and
gravity-induced birefringence, a phenomenon shown bymagnetic flux conservation Puntigaghal. [16] showed that
Haugan and Kauffmanji0] to be predicted by a broad class the conventional formulation of Maxwell-Lorentz electrody-
of the nonmetric theories encompassed byxbdormalism.  namics in a metric-affine gravitational field predicts that the
Here we make use of the formalism they invented to comypropagation of light is not influenced by the presence of
pute the effect of gravity-induced birefringence using flie  post-Riemannian geometric fields like torsidit or non-
representation of any gravitational field. We emphasize thametricity Q,5. However, “admissible” nonminimal cou-
observations constraining the strength of such birefringencpling possibilities that lead to birefringence do exist since
complement more familiar tests of the Einstein equivalencene can modify the Maxwell-Lorentz spacetime relatldn
principle like the Etvos, gravitational redshift and Hughes- =\ xF. Couplings of this kind respect gauge invariance
Drever experiments, which currently do not bound our speand, as a consequence, electric charge as well as magnetic
cial nonminimal coupling. The reason is that we focus on &lux conservation. In order to make quantitative predictions
quite novel coupling between electromagnetic fields and torabout electromagnetic field dynamics in a metric-affine back-
sion which was not taken into account in the analysis ofground field using this nonminimal coupling scheme, a spe-
these classical experiments. However, since our new coleific additional Lagrangian density is needed. We consider
pling also violates local Lorentz invariance as one can see

from Eq. (2), it is indeed thinkable that Heos, Hughes- Lem=k>* (T,/AF)TYA\F, 2
Drever or redshift experiments could also constrain this new . . . .
possibility. consistent with the suppositions made above. Hkris a

We also report on new solar polarization data and théf@UPling constant with units of length, * denotes the Hodge
constraints on such gravity-induced birefringence obtaine@u@!, T denotes the torsion arfe the electromagnetic field.
therewith. In Sec. Ill A we describe the new profile differ- OUr intention is to set strong limits dk? and, so, to decide
ence technique we use to search for evidence of birefrin@20ut the physical relevance of the gravity-induced birefrin-
gence. In Sec. Il B we review the Stokes asymmetry tech9€nce generated by the couplit®. Currently there are no
nique proposed previously by Solanki and Haugdh In  €XPectations from the theory side of what a reasonable value

Sec. IV we describe the solar data we analyze and the obsdR" k? might be. The additional Lagrangi@®) can be written

vations that produced them. The analysis of these data arftP
the constraints we infer on gravity-induced birefringence are
discussed in Sec. V. We quote constraints on the Sun’s NGT

charge|?, purely as a figure of merit that can be comparedsg that we can make use of the general formalism developed
to prior constraints, but focus on constraints on a metricty Haugan and Kauffmann {L0] to infer the consequences
affine parameteik®, defined in the next section. of the nonminimal coupling2) on the propagation of light
through a metric-affine field. This means that our objective is
to compute the fractional difference in the propagation speed
of linear polarization states

SLem=OX"P7F 4gF 55, ()

Il. GRAVITY-INDUCED BIREFRINGENCE
IN METRIC-AFFINE THEORIES

An empirically adequate account of gravitation is given ﬁ_ } A—C)?+4B% 4
today by general relativity which predicts vanishing torsion c 2 (

and vanishing nonmetricitfcovariant derivative of the met-

ric). This account is, so far, in complete agreement with obthat are singled out by a solar torsion field. The coefficients
servational results. However, general relativity is a classicald, 5 andC depend on the location in spacetime and on the
theory. The desire for a quantum mechanical account oflirection in which the wave propagates.
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Since we are going to search for birefringence in the esbe read for the nonminimal torsion coupling considered here.
sentially static, spherically symmetric gravitational field of Haugan and KauffmanhlQ] have shown that the expres-
the Sun, we are interested in static and spherically symmetrisions A—C and B from Eq. (4) can now be expressed in
solutions of the metric-affine field equations for torsion. Oneterms of the spherical components of these tengp¢sand
such solution was given by Tresguerfds,18. It can be vy
split into nonmetricity dependent and independent parts. The
latter, which is assumed to couple to the electromagnetic 2
field via Eq.(2), is given by A-C= %[(f‘f# £ )+ 2i(¢2-9%),)

Temko| (60— 6+ g(ew M re o) ({2412 (12

and
with torsion massm and with ky=1 for a=0,1 or ky=

—1/2 for «=2,3, respectively. In this equation we have 1

dropped the dilatation chardé, from Tresguerres’ original B=—=[i(§7- &%) +2(42+53))

solution because it vanishes if the nonmetricity field does. \/é

Also the small observed value of the cosmological constant (D= @) (13

A means that effects of its term can be neglected on galactic 2r s-2r/d

and smaller scales. , L
Equation (5) is consistent with the most general static, ONly | =2 components appear. The' notation indicates

spherically symmetric form for a torsion fie[d7] that these spherical cpmponeqts correspond to .Cartesian

components in a quasi-Lorentziam,X',y’,z") coordinate

TO= a(r) 0%\ 01+ a(r) 62\ 63, (6) system oriented so that the radiation of interest propagates in
the z’ direction. In the following, we exploit the fact that

T1=B(r)6°N 6+ B(r) 62/ 63, @) these spherlpal components can be_ expressed in terms of
components in another quasi-Lorentziarx(y,z) coordinate

T2= y(l)ﬁo/\ 02+ 7(2)00/\ 3+ 7(3)01/\ 92 system via the familiar transformation 1dd9], e.g.

+ 4 0\ 63, ®) =D (¢,0,4)&D, (14)
T3= 51y 0%\ 0> = y(2) 0O\ 6%+ (3, 0*/\ 6° where ¢, 9 and ¢ are the Euler angles specifying the rota-

) tion from (t,x,y,z) to (t,x’,y’,z") and the rotation matri9
is given in terms of spherical harmonics.
. . . N Since the only direction that a spherical field can single
The solution(5) is a special case having(r)=5(r) =) out is the radial one, it is now useful to introduce, at each

= ’}/(4): 0. . . . i .
Plugging this general representation of a spherically Sympomt along a light ray of interest, a local quasi-Lorentzian

. s : . (t,x,y,z) coordinate system oriented so that thexis is
metric torsion field into the Lagrangian densig) yields radial and thec axis lies in the ray’s plane. This is convenient

- ’)/(4) 01/\ 02.

5Lewm=K¥(a®~ B7)B2— (y2)+ ¥4y [B3+B3] because the spherical tensors introduced abc;ve gr)e simple in
such local coordinate systems. Speuﬁcab‘ﬁ{,2 , ¢’ and
—(¥{a) T via) [E5+E3] 2 are nonzero only fom=0.
At each point along the ray, the locdlX,y,z) coordinate
T2(vw) 7@~ v @) [B2E2 T Baks] system is rotated about the axis through an angl@ to

+2(y1)Y3) T Y2)Y4)[BsE2—B2E3]}, (10) obtain a.loca'tl {,x',y’,z") system so that now the ray runs in
the z’ direction. The local value ofc/c in Eq. (4) is ex-

where E and B refer in the usual way to the electric and pressed in terms ofl—C and 3 which are, in turn, expressed
magnetic components & in Tresguerres’ coordinates. Note in terms ofg(f%, , g(f; and y(fg according to Egs(12) and
that in his notation the three-vector index 1 refers to thg13). Since the Euler angles of the rotation frotx(y,z) to

radial direction. In terms of the components of & andy (¢ x|y’ z’) are § and ¢=¢=0, the transformation law
tensors of Ref[10], the corresponding Lagrangian expres-(14) simplifies to

sion is
SLew={11B3+ {oB3+ (35BS — £xF5— £35F5

+2{y2E2B+ y33E3B3+ yaE3Bo+ y25E B3}, with the same relationship betwegff), and ¢{? and be-
(12) tweeny(f%, and y§)2>. Here, 0 denotes the angle between the
light ray’s propagation direction and the radial direction. Ex-
from which the expressions for the nonzero components oploiting these transformations, Haugan and Kauffmann con-

the ¢, ¢ andy tensors in terms of Tresguerres’ functions canclude from Eqs(12) and(13) that

&), =sirfoed?, (15)
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4@ A2y
A—czﬁ(go +¢$P)sirte (16)
and
B=— i( vPsin 6)2. (17)
\/6 0

Substitution into Eq(4) yields an expression for the frac-
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so that we have

12k°m
A—C=— ——sirfé. (22)

Jers

Therefore, the fractional difference between the velocities of
the two polarization states is given by

5c k?m
— =—\J6—sirf, (23
C r3

tional difference in the propagation speeds of linear polariza-
tion states for the case of a static spherically symmetric torwhere ¢ again denotes the angle relative to the outward ra-

sion field

foJe 2
?=\[gsinzﬁx/(féz’Jr4“62))2+(47E,2))2- (18)

To express this in terms of Tresguerres’ parameters we sim-

dial direction in which the light is propagating. For the total
phase shiftA® which accumulates between the source and
the observer one now has to calculate

sc sirf6
wf th=—\/5wk2mj —3dt (24)
r

ply use the relationship between the spherical and Cartesian o ) _
components of, ¢ andy and between those Cartesian com- Recapitulating the analysis performed[ih8], we find

ponents and Tresguerres’ parameters,
£ = 14 224 £33= 202 (y2y + vy
(2) 11 1 22 33 2 2 2
& =¢ _E(f + &)= —K(v3) T Y
(6= 224 %
=K (a?= B —2(v]y+ Y]
(2) 11 1 22 33
(=0 S (P %)
=K (a®= B2+ (Vo) + Va1
780): y“-i— 722+ 733
=2K2(y(1y¥(3)~ Y(2)Y(a))
(2) 11 1 22 33
Yo =Y —5(7 + )

=~ K2y Y@y~ Y(2)Y(3))-

For the particular torsion field5) we have y;)= v)
=0 and, therefore3=0. Using Eq.(5) one gets

2)_ K*[1 2m m?
I A 49
(0= 4k2m+k2 1 2m m?
0 r3 4\ 2 (3 4
(20
which yields
3k’m
e+ gp=- T @

\FZwkzm (n+2)(n—1)

A= V3R ut1

: (25

whereu denotes the cosine of the light source’s heliocentric
angle,\ is the light's wavelength an® is the Sun’s radius.

IIl. TECHNIQUE

We follow two strategies to test for gravitational birefrin-
gence. One of these was outlined by Solanki and Haugan
(1996 [4], but could not be applied due to a lack of appro-
priate data. It is summarized and its implementation is de-
scribed in Sec. Il B. The other technique is new and is de-
scribed in Sec. Il A. In order to compare the effectiveness of
these techniques with results of previous attempts to set lim-
its on gravity-induced birefringence, which dealt with NGT,
we also briefly consider NGT here in addition to metric-
affine theories of gravity.

A. Profile difference technique

This technique relies on the fact tha is expected to be
a strong function ofw, which is confirmed in the two con-
crete cases of NGTsee Ref[9]) and metric-affine theories
(see Sec. )l Ad is the phase shift which accumulates as
light propagates from a point on the solar surface to the
observer between net circular polarization, described by the
Stokes parameteY, and net linear polarization aligned at
45° to the nearest part of the solar limb, generally ascribed to
StokesU. Formulas forA® as predicted by metric-affine
theories are given in Sec Il. For Moffat's NG@®] a corre-
sponding expression has been published by Galetiell.
[7,9]. This means that for any sufficiently large NGT charge
{5 or equivalent metric-affine paramet&ra mixture of
StokesV and U profiles will be observed from sources of
polarization distributed across the solar digk. as a func-
tion of w), irrespective of the exact polarization state of the
emitted radiatior(i.e. which mixture ofV andU is produced
at the solar surfage Let the subscripts “src” and “obs”
signify the Stokes profiles as created at the source and as
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FIG. 1. Top:|Vopd —|Ugpd Vskandu for |Vgd =0 (a) and|Ugd =0 (b). Bottom:|V,d —|U,pd averaged over aj for the above cases.

observed, respectively. Then, irrespective of the value ofhe solar limb, StokedJ, is symmetric. Birefringence, pre-
(IVerd)=(|Usd) for sufficiently large € or k, (|Vy,d)  dicted by metric-affine gravity theoriggnd NGT) changes
—(|Uqpd) will tend to zero. The averaging is over gl  the phase between orthogonal linear polarizations and thus
values and the total number of profiles is assumed to beartly converts Stoke¥ into StokesU and vice versa. How-
large. ever,U produced fromV by gravitational birefringence still
This effect is illustrated in Fig. 1. In Figs.(d and Xb) has the symmetry o and can thus be distinguished from
[Vopd —|Ugpd is plotted vsk and u for the extreme cases the Zeeman signal.
|Vsd =0 [Fig. 1(@)] and|Ugd=0 [Fig. 1(b)]. Other combi- Let subscripts &” and “ s” signify the antisymmetric and
nations of|Vgd{ x)| and|Ugd «)| give qualitatively similar ~ symmetric parts of the Stokes profiles, respectively. Then,
results. TheVy,d —|Uopd surface oscillates ever more rap-

idly with increasingk and with decreasing. Lines of equal Uasc Vaob$iNA® +U, op£0sAD

= - , 26
[Vopd —|Ugpd are strongly curved in th&-u plane. These Ussie  Vs,obSINAD + U op£0SA D (26)
two points combine to lead to decreasifif ond) — (|Uobd )
with increasingk. This is shown in Figs. (t) and Xd) for the Vesc Vs opE0SAD+ U opsinAd
cases illustrated in Figs.(d and 1b), respectively. As ex- Vaue VaosSOSAD + U, osinAd 27

pected, the(|Vypd) —(|Uobd) Vs k curves exhibit a rapidly

damped o§C|_IIat|0n arom_mq ZE€ro. .Th'TQ' effect can be used tcI‘hus for observed symmetric and antisymmetric fractions of
set upper limits on gravitational birefringence if the observa-U and V Egs. (3.1) and (27) predict the ratiosU /U and
* " a S

tions exhibit a(|Vqyud) —(|Uopd) that differs significantly V./V. at the solar source
S a .

ggg zero. As we show later in this paper, this is indeed the- If the solar atmosphere were static these ratios would van-
’ ish (U sr=Vasc=0), so that any observedd, or Vs would

be due to eitheA® or noise: U, ope= Va o SINAD, Vs ops

=Ug8INAD. The solar atmosphere is not static, however,

The strategy proposed by Solanki and Haufhmakes and consequently the Stokes profiles do not fulfill the sym-

use of the symmetry properties of the Stokes profiles prometry properties expected from the Zeeman effect even for

duced by the Zeeman splitting of atomic spectral lines. In theays coming from solar disk centerE& 1), which are unaf-

absence of radiative transfer effects in a strongly dynamidected by gravitational birefringence. This asymmetry has

medium, net circular polarization, Stokésis antisymmetric been extensively studied, in particular for Stokéswhich

in wavelength, and net linear polarization aligned at 45° tomost prominently exhibits 20—22,24. Although most pro-

B. Stokes asymmetry technique
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files haveV¢/V,<0.2, a few percent of/ profiles exhibit the Teide Observatory on the Island of Tenerife. For the po-
V./V, values close to unity, even at=1. Such profiles larimetry we employed the first version of the rh Imag-
occur in different types of solar regions, e.g. the quiet Suring Polarimeter(ZIMPOL 1), which employs 3 CCD cam-
[22], active region neutral lingl25] and sunspotf26]. The  eras, one each to record StokésQ, I=U and | £V
magnitude olV¢/V, decreases rapidly with increasiNgand  simultaneously 28].
profiles with V¢s/V,=1 are all very weak. They are often  The recorded wavelength range contains four prominent
associated with the presence of opposite magnetic polaritiespectral lines, Fe 5247.06 A, Cn 5247.56 A, Fa 5250.22
within the spatial resolution element and a magnetic vectof and Fei 5250.65 A. Three of these spectral lines are
that is almost perpendicular to the line of sight, situationsamong those with the largest Stokes amplitudes in the whole
which naturally give rise to smaW [26,27). solar spectrum and are also unblended by other spectral lines
The observed Stoked asymmetry is on average smaller [29]. Blending poses a potentially serious problem since it
than theV asymmetry. This is true in particular for extreme can affect the blue-red asymmetry of the Stokes profiles. By
asymmetric  values, i.e. Waobd Usobd max< (Vs obd analyzing more than one such line it is possible to reduce the
Vaobdmax- Since this relation also holds at=1 it is valid  influence of hidden blends and noise. Nowhere else in the
for source profiles as well. Thus; i8zhez Almeida and Lites visible spectrum are similar lines located sufficiently close in
[26] point out that Stokeb) retainsU , opd U ops<1 through-  wavelength that they can be recorded simultaneously on a
out a sunspot, althoug¥ls/V.>1 is invariably achieved at single detector. Also, compared to other lines with large
the neutral line. The reason for the smaller maximum asymStokes amplitudes the chosen set lies at a short wavelength.
metry lies in the fact that Stoked senses the transverse This enhanced® since it scales with 4. The sum of the
magnetic field. Since velocities in the solar atmosphere arabove properties make the chosen range uniquely suited for
directed mainly along the field lines they generally have aour purpose.
small line-of-sight component whdd has a significant am- In order to image all 4 spectral lines of interest onto a
plitude. Sizable line-of-sight velocities are needed, howeversingle CCD we introduced reduction optics between the im-
to produce a significant asymmefi®1]. Another reason for age plane of the spectrograph and the detectors. They pro-
the smaller maximun asymmetry is that, unlike Stok&  duce an image-scale reduction by a factor of 3.2. The final
it does not distinguish between oppositely directed magnetigpectral resolving powex/A\ corresponded to 210 000. The
fields. spatial scale corresponding to a pixel was 1.13 ar(e860
Thus it is not surprising that in the following analysis km on the Suh However, the effective spatial resolution of
StokesU provides tighter limits than Stoke& Another rea- the data is limited by turbulence in the Earth’s atmosphere,
son is that due to the on average stronger obseW@do-  so-called “seeing.” This varied somewhat in the course of
files, asymmetries introduced id (through gravitationally the observing run, so that the estimated angular resolution of
introduced cross-talk fronv) are larger than the other way the observations lies between 2.2 and 3 arcsec.
round. However, we also analyze StoRéss a consistency The modulator package, composed of 2 photoelastic
check. modulators oscillating at frequencies of around 41 kHz and
In order to separate the asymmetry produced by solar e#42 kHz followed by a Glan linear polarizer, was placed
fects from that introduced by gravitational birefringence, oneahead of the entrance slit to the spectrograph, but was nev-
strategy to follow is to consider large amplitude Stokes pro-erthelesgunavoidably located after 2 oblique reflections in
files only. Another is to analyze data spanning a large rangehe telescope. Oblique reflections produce cross-talk between
of u values, sinceAd exhibits a definitex dependence. Stokes parameters, i.e. they partially convert one form of
Finally, the larger the number of analyzed line profiles, thepolarization into another. Since we are trying to observe, or
more precise the limit that can be set&d®. Better statistics  at least set limits on “cross-talk” between Stokdsand V
not only reduce the influence of noise, they are also neededue to gravitational birefringence we took some trouble to
because for a single profile gravitational birefringence cameduce the instrumental cross-talk to the extent possible. A
both increase or decrea%e/V,andU,/Ug. The latter may first step was the choice of the telescope. With only two
become important if the source profiles are strongly asymeblique reflections, whose relative angles change only slowly
metric. Thus a small observad/V,or U,/Ugis initself no  in the course of a year, the GCT is relatively benign com-
guarantee for a small gravitational birefringence. Howeverpared to most other large solar telescopes. Secondly, a half-
since almost all source profiles are expected to NAV&/,  wave plate was introduced between the two oblique reflec-
<1, U,/U.<1, on average we expect gravitational birefrin- tions. Sachez Almeidzet al.[30,31 have pointed out that a

gence to increase these ratios. half-wave plate at that location should, under ideal circum-
stances, completely eliminate all instrumental cross-talk. To
IV. OBSERVATIONS AND DATA test the efficiency of the half-wave plate in suppressing in-

. strumental cross-talk between Stok®s U and V we first
Two sets of data have been analyzed in the present papelrieq out a series of observations of a sunspot near the
They are described below. center of the solar disk both with and without a half-wave
i i plate introduced in the light path. Such tests were necessary
A. Data obtained in 1995 since the half-wave plate available at the GCT is not opti-
Observations were carried out from the 7—13th of No-mized for the observed wavelength. Note that at solar disk
vember, 1995 with the Gregory Coudelescopeg(GCT) at  center w=1) A®=0, so that we test for instrumental
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cross-talk only. The half-wave plate was indeed found tc
significantly reduce instrumental cross-talk. Remaining
cross-talk was removed during data reduction using a nu
merical model of the telescope that includes an imperfec
half-wave plate(adapted from a model kindly provided by
Martinez Pille}. The parameters of the model were adjustec ]
slightly using the observations of a sunspot umbra locate: iy s S o .
close tou=1. We estimate that the residual cross-talk after
this procedure is at the level of a few percent. Since Stoke

V, Q, U profiles generally have amplitudes of Q. Dr less, 0/1
the influence of the cross-talk is of the same order as th
noise, which is roughly (+2)x10 3., wherel, is the
continuum intensity. Photon noise is by far the largest con
tributor to this noise level. At this level instrumental cross-
talk ceases to be of concern for our analysis.

The ZIMPOL polarimeters are unique in that they com-
bine CCD detectors with a very high modulation frequency
(=40 kHz) and hence preclude distortion of the Stokes pro U/
files and cross-talk between them due to seeing fluctuation:
The other advantage of the ZIMPOL working principle is the
fact that the fractional polarization is absolutely free from 5247 5248 5249 5250 5251
gain-table or flat field nois¢28]. This again improves the
accuracy of the profile shapes and hence the reliability of ou
results.

A total of 106 recordings were made at different locations V/I
on the solar disk in an attempt to cover a large rangg of
homogeneously. Particular emphasis was placed on observ

e
S~
—
S~

120

100

I

Spectrum Number

Position [arcsec]

Spectrum Number

Spectrum Number
Position [arcsec]

Spectrum Number
Position

tions close to the limb since gravitational birefringence is 5247 5248 5249 5250 5251
expected to be largest for such rays. Wavelength [A]

Since only a single sunspot was present on the solar disk
during the observing run most recordings refer to faculae and FIG. 2. Sample spectrum of Stoke,U and V.

network features, i.e. magnetic features with lower Stokes ]

Q, U, V signals. In Fig 2 a sample StokeQ,U,V spec- andU, whereas StokeQ, U andV had the same noise level
trum of a facular region near the solar limb is plotted. The 4in the earlier recordings. Due to the superior modulation
analyzed spectral lines are identified. These data were fulljcheéme implemented in ZIMPOL II, Stok&sandU achieve

. 3 .
reduced following the tedious, but well-tested procedures de? NOise level of 1071 after roughly the same exposure time
scribed by BernascofiB2]. during the observations made in 2000 as during the earlier

campaign.
These observations were carried out on the day of the
B. Data set of March 2000 equinox, at which time the two mirrors producing oblique
In order to improve the statistics and the coverage a reflections of the beam ahead of the modulator package are
second observing run was carried out in March 2000 with thé@riented such that their polarization cross-talk cancels out.
Gregory-Couddelescope of IRSOWstituto Ricerche Solari Hence for these observations the instrumental cross-talk is
Locarng in Locarno, Switzerland. This telescope is almost&Ssentially zero and no further treatment of the data for this

identical to the GCT on Tenerife and the parameters such a%ﬁe%t is required. . he time of th b .
spectral resolution, noise level etc. are very similar to those . | N Sun was very active at the time of these observations
of the 1995 observations with many active regions harboring sunspots and faculae
The next generation ZIMPOL Il polarimetg23,34 was present on the solar disk. Since active regions generally give
employed for the polarization analysis and data recording. praer amplitude Stokes signals we concentrated on observ-

. g them. A total of 7 exposures were made. The typical
simultaneously records three of the four Stokes parameter§eeing during these observations was estimated to be 2—3
either Stokes,Q,V or|,U,V on a single CCD detector chip. o csec while the spatial pixel size was 1.13 arcsec.
Observations in these two modes were interlaced, such that '
alternate exposures record Stoke®,V andl,U,V, respec-
tively. Exposures of the same Stokes parameters were then
added together to reduce noise. Thus the final data set con- Each exposure gives us the profiles of the 4 analyzed
sists of all four Stokes parameters. The only differences witlspectral lines in StokesQ,U andV at a set of 94128 in
respect to the recordings made in 1995 are that the number gie 1995 datgpositions on the solar disk. Once the reduction
spatial pixels is reduced and that the noise level of Stékes and calibration procedure is completed we select from a
in the newer data is a factor af2 lower than of Stoke®  given frame those spectra for further analysis for which the

V. DATA ANALYSIS
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FIG. 3. Simultaneously measured profiles of Stokeand StokedJ of the Fel line at 5250.22 A.

S/N ratio for either Stoke&) or V in at least one of the four Work has concentrated on constraining this theory. Using the

spectral lines is above 12 in the 1995 data and above 15 iprofile difference technique we obtaii, < (178 kmy mea-

the 2000 data. sured in the line Fe5250.65 A, compared with the previous
This criterion gave us a total of 4480 profiles for further tightest upper limit of (305 knrf)

analysis. A nonorthogonal wavelet-packets smoothing

scheme was employed to enhance #$iN ratio by a factor

of 1.5-2 without significantly affecting the profile shapes B. Stokes asymmetry technique

[35]. A measure of the asymmetry of a Stokes profile is given
Then the signed amplitudes of the blue and red wiags, by the ratio6V=V/V,, respectivelysU=U,/U¢[20,24])
anda, (i.e. of the blue and red Zeemancomponentof all  In Fig. 5 we plot these quantities V¥, and|U{, respec-

Stokes profiles of all 4 spectral lines were determined. Irtively. Each point in these plots refers to a Stokes profile of
Fig. 3 we plot observed Stoke&s andV profiles of the Fa the Fel 5250.65 A line.

line at 5250.22 Aay, (V) anda, (U) are indicated in the Although our observations cover a rangew¥lalues, Fig.
figure. Using these we can form the symmetric and antisym5 is similar to corresponding figures based on data obtained
metric parts of the Stoke¥ and U profile amplitudesV, nearu=1[23,24], where the influence of gravitational bire-
=(a,*+a)/2, V,=(ap—a,)/2, Us=(a,+a,)/2 andU,=(a, fringence vanishes for symmetry reasons. For large ampli-
—a,)/2, respectively, which enter Eq&6) and(27). In the  tudes ¥,, Uy the relative asymmetryMs/V,, U,/UY is
following all V andU values and parameters are normalizedsmall, while for weaker profiles it shows an increasingly
to the continuum intensity, even when not explicitly men-
tioned. 1.0}

A. Profile difference analysis 0.8 R

We now apply the technique outlined in Sec. Il A to our
data. Due to the limited number of profiles and their irregular I
distribution overu (see Sec. V Bany limit on gravitational ~ 0.6 7!
birefringence will be less tight than what is achievable with
ideal data presented in Sec. lll A. In Fig. 4 we plot

{IVopd) —{|Uond)|
<|Vob4>+<|uobsl>

T ST

0.4F

s k, (28

0.2}

for different initial phase differencedd between the or- A
thogonal modes of line Fe5250.65 A. The averaging has 0.0 i1
been done over the values at which observations are avail-

]

Fici il

able. This line is chosen, since it gives the tightest limits on 20

k. The thick horizontal line represents the value obtained

from observations. Obviously abovie’=(13.8 kmy* the FIG. 4. The observabléStokesV, StokesU) mixture for initial
curve obtained from theory always lies below the observegnase differences of#, 0.1, 0.257 and 0.4r plotted vs MAG
value, hence ruling out sudhvalues. coupling constank. The horizontal solid line represents the value

For comparison with literature values it is useful to setobtained from observations. Note tha® values bigger than 075
limits on the €y-parameter in Moffats NGT, since earlier give cyclic results.
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0:80 8:02 il 096 vide FIG. 6. Histogram of the number of recorded profiles as a func-
lu_| /1 )
8 < tion of u.

strengthened by the fact thaéV,,d and|dU,,d decrease
with decreasingu [24,36], whereas gravitational birefrin-

2L ] exactly the opposite behavior if gravitational birefringence
. . 1 had a significant effect on the Stok&sor U profiles.
L T 1 In Fig. 7 we plot the maximumU, ¢/Us 9 Value pre-

1%

.r.l-—-v-- Te e - v v

IR 1 data, vsk®. The horizontal line represents lagy s/ Us src
]l =1), a limit above which this ratio is not observed st

% . ~1. Clearly, ask? increases , ¢dUs sdmax initially re-
050 ] mains almost equal toUy, opd Us ondmax, DUt begins to in-
s crease fok?=(1 km)?, becoming= 10 atk?< (2 km)? and
finally oscillating around J ; ¢;d/ U srd max ©f 100—1000. All
Y| P S R S A S R S 4 spectral lines exhibit a similar behavior, implying that the
0.00 0.05 0.10 0.15 0.20 influence of noise is very small. The largest effect of gravi-
Vol /T, tational birefringence is exhibited by the two most strongly

_ _ Zeeman split lines, Cr 5247.56 A, Fa 5250.22 A, which
FIG. 5. Measured amplitude asymmetries for Stokksand 555 produce the largest Stokésand U signals, while the

0.0

StokesV. lines with the smallest splitting, Fe5250.65 A provide the
weakest limit.

large spread. For the weaker profiles this spread is mainly ) i

due to noise as can be judged from the solid and dashe . _5247.059 A . 5247.564 A

curves in Fig. 5, which outline thed and 3 spread ex- o

pected due to photon noise, respectively. The curves reve
that Stokes profiles with amplitude®/{, Uy smaller than 4
one percent of the continuum intensity are so strongly af 2f
fected by noise that they are of little use for the presen 0
purpose. This leaves us with 1966 individual profiles for fur-

ther analysis. In Fig. 6 we plot a histogram of the number ol= ¢ 5 10 s 00 5 0 5 20
these profiles as a function gf. The distribution is uneven, =~
being determined by the position on the solar disk of mag:’ 5250.217 A 5250.653 A
netic features at the times of the observations. = 8 8 ’
The further analysis is made more complicated by the fac2 6f 6F
that aVg and aU, signal can be produced not just by gravi- o of
tational birefringence, but also by radiative transfer processe A
acting in the dynamic solar atmosphere, as described in Se
[ll. To circumvent this problem we consider all profiles sat- 0F 0
isfying the criterion thafV, or |[UJ=0.01. For all these -2 -2
profiles | 8Vypd <0.7 and|dU,pd <0.6. A similar picture is ° ° v w0 > O
also obtained ap.=1. Hence one way to limik? is to re- FIG. 7. Maximum of U, &/ Us &9, ON a logarithmic scale, val-

quire | 8Vgd <1 and|8Ug <1 for all . This condition is  ues for all 4 spectral lines Vs
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o0 T T T T T T T T T T s T T T For ¢2, we found that 10% of all data points have
I ] (UasidUssd>1 for ¢2=(74.0 kmf and 20% for €2
80 =(79.4 kmy.
3 I
5 60r 7 VI. DISCUSSION AND CONCLUSIONS
f i New couplings between electromagnetism and gravity in-
o 40r p troduced within the framework of metric-affine gravity
» [ (MAG) theories lead to observable effects, in particular to
20 7 spacetime becoming birefringent in the presence of a gravi-
i 1 tational field. By constraining the level of this birefringence
0 - ' ! we can constrain the strength of the coupling between elec-
0 5 10 15 20 tromagnetism and gravity within this particular framework.
k A birefringence of spacetime is also expected in a more gen-
eral context, so that such a constraint is also of wider signifi-

FIG. 8. Fraction of profiles withl{, ¢,/ Ussd >1 for MAG. cance.

Using two techniquesthe Stokes asymmetry technique
and the new profile difference technique applied to solar
Itis in principle sufficient to limitk by requiring that none ~ data we have imposed stringent constraints on the coupling
of the observed spectral lines had (sJ/Us 9 >1 within constantk introduced by MAG. In order to judge how strin-
the range of allowedk values. This givek?< (0.9 kmP. A gent the constraints imposed by these techniques are, we
limit obtained similarly from Stokes/ is both largerk? ~ have also redone the analysis for Moffat's NGT. The new
<(3.42 kmy and less reliable, since we cannot completelytechniques improved previous limits @ given by Solanki
rule out Vg dVase>1 to be present, although we expect @hd Haugari4] by nearly one order of magnitude. It will be
such prof”es to be very rare, among |arge amp"tude profi|e§j|ff|cult to set much t|ghter limits on graV|tat|0na| birefrin-
For Moffat's NGT this technique giveéé<(57,1 kmY, gence than those found here using solar data in the visible
implying a 28-fold reduction iné’é compared to previous spectral range. To obtain a significant improvement one
work. would need to observe at shorter wavelengths. The spectral
An alternative test is to determine the fraction of proﬁles"nde at :‘he sh(])cr;[jest wgvelengl;(th tha(; IS stror]lfg _enouS/gh _to pro-
with (U, ¢d Ussd>1 (Fig. 8). Figure 8 reveals that initially vide a hope of detecting S_to esandV at sufficientS/N s
no U profile satisfies the criterion; aboﬂ%z(l.?ﬁ km¥, Lya at 1216 A. The maximum gain that one could expect

1.7% of the profiles does. This number keeps increasing er]elatlve to the current analysis is a factor of
k, before finally oscillating around 70% at largeThus 10% Myisible 5250
of all data points have W,gdUssd>1 for k2 N 1216
=(1.955 km}, 20% fork®=(2.43 kmy. We are not aware e

of any solar observations of Stok&swith 6U>1 for which  Another possibility is to consider astronomical objects with a
instrumental cross-talk is negligib[@6,37. k?< (2.5 kmy  stronger gravitational field and well defined sources of polar-
is thus a very conservative upper limit, deduced from thisization. In a parallel papdi38] we employ magnetic white
criterion. dwarfs for this purpose.
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