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Gravitational rainbow
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It is shown that, unlike Einstein’s gravity, quadratic gravity produces dispersive photon propagation. The
energy-dependent contribution to the deflection of photons passing by the Sun is computed and subsequently
the angle at which the visible spectrum would be spread over is plotted as a functioan[Vﬂsector mass.
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I. INTRODUCTION and Ly, is the Lagrangian density for the usual matter. This
theory gained importance when Stelle showed that it is
According to the equivalence principle, photons follow renormalizable, along with its matter couplings]. In the
lightlike geodesics in curved spacetime. In addition, they ar&veak field approximation, i.e9,,=7,,+«h,,, with 7,
deflected in a gravitational potential by the same angle inde=diag(1-1—1—1) and in the Teyssandier gaudé],
pendently of their energy or polarization. Both Einstein’s namely,
gravity [1] andR+ R? gravity [2,3] are examples of gravita-

tional theories that obey this principle, which implies that Br? N B\ k’—
dispersive photon propagation cannot take place within the 0=r,={1- TD Yun T\ @t 2 7R,w @)
context of the same. This is not true, however, as far as

gravity with higher derivatives is concerned. Our aim here isyjth Yur= h;w_%%wh and R=i0h— y*,,, the field
precisely to show that quadratic gravity produces energyequations related to the action above turn out to be
dependent photon scattering. An interesting consequence of

this fact is that gravity’s rainbows and higher-derivative BK? 1 1 4 « 1

gravity can coexist without conflict. In this sense quadratic | +— TD - EDhMV"‘g ﬂ#vR) 2 T,w—ngw ;

gravity is closer to quantum electrodynamics than any cur-

rently known gravitational theory. In fact, dispersive photon

propagation is a trivial phenomenon in the context of QED.whereT ,, is the matter tensor which describes the physical
It is worth mentioning that Lafrance and Meyd#| have  system under consideration in special relativity, i.e., disre-
shown that energy-dependent light scattering can also be prgarding the gravitational field. The general solution of Eg.
duced within the context of a low-energy effective action for(3) for a point particle of maskl located atr =0 is given by

the electromagnetic field in curved spacetime. [7,8,6,9
On the other hand, we ought to expect a tiny value for the
angle at which the visible spectrum would be spread over. ho ()= Mk 1 1e ™ 4e™
Indeed, the prediction of general relativity for the deflection ool F)= 167 r 3 r * 3 r |
of a light ray passing close to the Sun, namely, 1,76 in
good agreement with measured values for visible light. We hy(r)=hyy(r)=hzg(r)
shall also address this question here.
We use natural unitsi(=c=1) throughout. Our conven- Mk| 1 1e M 2 ™Mf
tions are  R§,=-dl'5,+..., R,=R:,,. R 6. r T3 T3 }
=g"'R,,, Whereg,, is the metric tensor, and signature
(+———). where we have assumed[@3(3a+ B)]=m3>0(3a+ B)
>0 and —4/k2,85m§>0(—,8>0), which corresponds to
Il. SOLUTION TO THE LINEARIZED FIELD EQUATIONS the absence of tachyorikoth positive and negative enejgy

in the dynamical field. Of course, the potential for quadratic

The theory of gravity with higher derivatives is defined by gravity is given by the expression

the action
1 le M 4eMmf

2R« hoo(r)2=V=MG| — —— 5 + ,
S=fd4x\/—g[—2+§R2+§R2 —Lwut, (1) hoo(T) r 3 r 3 r
K

4
2
which agrees asymptotically with Newton’s law. At the ori-

w_here_K2=327-rG, with G being Newton's constant, is the gin Eq.(4) tends to the finite valud G[(my—4m;)/3].
Einstein’s constanty and 8 are dimensionless parameters,

IIl. ENERGY-DEPENDENT PHOTON PROPAGATION

*Electronic address: accioly@ift.unesp.br Let us now consider the scattering of a photon by a static
"Electronic address: blas@ift.unesp.br gravitational field generated by a localized source such as the
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Sun, treated as an external field. The photon-static-externasection for the scattering of a photon by a localized source on

gravitational-field vertex is given by the basis of higher-derivative gravity. Performing the calcu-
lation yields
1
M/.Lv(pap’)zEKh}\p(k)[_nyvn}\ppp’_l—n)\ppvp;i do B K4E4M2 1 1 2
0~ Jagez (LTo0SH| ~ Gt M2+ k2

+2(7,,PAP,~ M0pPAP— TAPLD,

+7,,PP") ], whereE is the energy of the incident photon awldis the
scattering angle. For small angles this expression reduces to

_ —ik- ;
where h#,,(k)=fd3re "'h,,(r) is the momentum space

gravitational field, and (p’) is the momentum of the in- do ) E? 2
coming (outgoing photon. Herglp|=|p’|. The momentum aQ 16G°M? — ?+m2+E2¢>2 )
space gravitational field can be written as !
" ") On the other hand, for small angles
h,.,(K)=h(E (k) +hED (k) +h e k),
. . . my do | rdr ©
whereupon dQ | ¢de|
F Egs.(5) and(6), btain at
© ):ﬂm _ﬂ 74070 rom Egs.(5) and (6), we obtain at once
MY 2 Ty 2
4k 2 k P . E2 2E2 $2E?
=16 MY e e mes B2t |
«M ¢ mi+E“¢° m; mi+E°¢
h()(k) = — T )
12 m21K?
Thus, in the framework of higher-derivative gravity the
and deflection of a photon by a localized source is a function of

the energy of the incoming photon. For a photon passing by
h(wa)(k)z _ﬂ M +ﬂ Mu0700 the Sun, Eq(7) can be cast in the form
uv

¢— —1= 2+—2|I"| 2 (8)

where h(E)(r) is the solution of the linearized Einstein’s E 1+a® a° 1l+a

equatlons supplemented by the usual harmonlc coordinate

condition. namelyy(E) =0, ,y(E)_h(E) 1. h(E)_ WhereqbE 4GM/R, with R being the Sun’s radius, araf
j7a

2
The unpolarized cross- sectlon for the process at hand is™ ml/E ¢*. Note that the right hand side of E() tends to
zero asm;— +« and, as a resulip— ¢g (as expected It

2 2 follows from Eg.(8) that for a photon just grazing the Sun’s
E 2 ”,, surface¢ ranges from 0 to 1.75 arcsed10].
=1,= Of course, for light rays passing close to the Sun the
deflection ¢ must lie in the interval 82¢$<<1.75'. Let us
where M ., =€e!(p)e, (p')M,,, and /(p) and ¢, (p) show that this is indeed the case. Consider, in this vein, the
are the polarization vectors for the initial and final photons,interaction between the Sun, treated as a fixed source, and a
respectively. Before moving on we call attention to the factlight ray. The associated energy-momentum tensors will be
that the Feynman amplltude can be recast in the farty, designated resp_ectively ai#_” ar_ld F#¥. The current-current
—M(E)+M(R )+M W where amplitude for this process is given by

do
ao

2m?

A=g*T*'0,, ,.F"",
M e
Ry_K_ A7 _ ' / . : .
M ) ﬁm [ = 7400, PP" + 70,P.P, where g is the effective coupling constant of the theory
0 andO,, ,, is the propagator for quadratic gravity. In the
+2(,]Wp)\p;)_ mpp)\p,'f nukpvp; de Donder gauge, the propagator is given by
+ n,u,)\nvppp,)]' mi m%

2

+ P2+ pO
k2 KA(mi—k?)  2k*(k?—mg)

Of course, M ELRVZ)EO, which implies that th&? sector of
the theory of gravitation with higher derivatives does not
contribute anything to the photon scattering. After this little +
digression we come back to the computation of the cross-

2

2k2(k?—md)

2 3m3
A2 2k2(k -md)

T
o
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2500 . . .

whereP?, P2, P°, PP and P° are the Barnes-Rivers opera- S “10Mx(Ad) vs Logig(B])” | ©
tors [12], and A is a gauge-parameter. But, on mass shell,
k,T#*=0 andk,F#“"=0, which implies that onl{p? andP® 2090 o T
will give a non-null contribution to the current-current am-
plitude. Thus, 1500 |- < i
2 2 o
m m, 1000 | -
A:ngWFPU 2 2l 2 P?+ 2 20 2 ° :
k2(mi—k?) 2k“(k“—mg)
nbe 500 - © .
<o
Now, taking into account thdtl1] o o
a O 1 1 1 X O o &

0
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1
P2 s 0= 5L MupTuot Mo Mupl = 3 M
pmpo 25 TRPING L TRETPT 3 TRV IPY FIG. 1. A¢ as a function of log)| 8| for light rays passing by

the Sun. Note thaf\¢ has a maximum at lqg8=64 which is

and recalling that the energy-momentum tensor for light
(electromagnetic radiation is traceless, while T#”

—| pl+ 230 3pO ' equal to 0.234
mrpe giving rise to a gravitational rainbow. Such a gravity’s rain-
1 1 — bow is an intrinsic characteristic of quadratic gravity since
P?w,pazgﬂw’?pa_g[Po"‘ ] v pors the vacuum concerning higher-derivative gravity, like that

related to QED, is a dispersive medium. This poses an inter-
esting question: Is the aforementioned gravitational rainbow
observable? Of course, we ought to expect a tiny value for
A¢ at the Sun’s limb in order not to conflict with well

— ,,u0__v0700 H i
77" T for a static source, we promply obtain established results of general relativity. Indeed, Einstein’s

1 1 theory tells us that the deflection angle for a light ray passing
A=g2TF00 — ] close to the Sun is totally independent of the energy of the
k?  k?—m? incident radiation and has a value equal to 1, Zbresult that

) 00002 - . _ is in good agreement with the measured values for visible

Sinceg“T™F "7k is precisely the current-current ampli- |ignt for which there is perhaps 020 % uncertainty. Let us

tude for the interaction between the Sun and a light ray in thgnen, try to answer the question raised above. To do that we
context of general relativity, we come to the conclusion tharevaluateAcﬁ for different values ofg, using Eq.(8) and
the gravitational deflection predicted by quadratic gravity istaking into account that experiment determirjg<10"*

always smaller than that predicted by Einstein’s theory. As 413]. The result is shown in Fig. 1. A cursory inspection of
result, for light grazing the Sun,04<1.75'. In a sense, inig graph allows us to conclude thAip has a maximum
this result is a major test of our semiclassical computation. ,,5|,e at| 8| = 10F. For 61<log,q 8| <69 the rainbow would
be in principle observable. If3|<10° gravity’s rainbow

IV. GRAVITATIONAL RAINBOW would be practically imperceptible. Therefore, we come to

The dispersive-photon bropagation we have iust foun&he conclusion tha.t i_n orqler to agree with the currently mea-
P P propag J sured values for visible light,8|<10°.

represents a tree-level violation of the equivalence principle:

In addition, it tells us that the visible spectrum, whose wave-
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