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The orbital period of the binary pulsar PSR 1913116 has been observed to decrease at the rate
2.40310212 s/s which agrees with the prediction of the quadropole formula for gravitational radiation to wit
one percent. The decrease in orbital period may also occur by radiation of other massless particles s
scalars and pseudoscalar Nambu-Goldstone bosons. Assuming that this energy loss is less than one pe
the gravitational radiation, we can establish bounds on couplings of these particles to nucleons. For a
nucleon coupling of the formgsfc̄c we find thatgs,3310219. From the radiation loss of massless Gold-
stone bosons we establish the upper boundugp,10216 on the QCD vacuum angleu and the pseudoscalar
nucleon coupling constantgp .

PACS number~s!: 97.60.Gb, 14.80.Mz
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The Hulse-Taylor~HT! binary consisting of the pulsar
PSR 1913116 orbiting around an unseen companion st
provides firm evidence for the existence of gravitation
waves@1#. The observed loss of orbital period agrees wi
the prediction from the quadropole formula of gravitatio
radiation@2# to within one percent. In this paper we compu
the orbital energy loss due to radiation of other massle
particles like scalars and pseudoscalar Nambu-Goldst
bosons. Massless scalars which couple to nucleons aris
scalar-tensor theories of gravity@3#, as dilatons in theories
with spontaneously broken conformal symmetry@4#, and in
string theories@5#. For a generic scalar-nucleon couplin
Ls5gsfsc̄c we find that the energy loss by the radiation o
fs particles from the HT binary is less than 1% of the grav
tational radiation loss ifgs,3310219. This gives an upper
bound aB5gs

2/4pGmn
2<1 on the ratio of a long-range

scalar-mediated fifth force to the gravitational force betwe
two nucleons. This bound is much less stringent than
bounds obtained from terrestrial fifth force search expe
ments @6,7# which give aB<1026 ~which corresponds to
gs<10221) and from the analysis of planetary orbits of Mer
cury and Mars@8# which giveaB<1029 ~i.e., gs<10223).

In theories with a spontaneously broken global symme
like the baryon number or the lepton number we have ma
less pseudoscalar Nambu-Goldstone bosons~NGB’s! which
have a generic couplingLp5gpfpc̄ ig5c with nucleons.
The pseudoscalar field of a macroscopic source adds up
herently only if the spins of the constituents are polarized.
was observed by Changet al. @9# and Barbieriet al. @10# that
theCP-violating operatoruGG̃ in the QCD sector induces a
coupling L5(ugp /mn)@mumd /(mu1md)#fpc̄c between
the NGB fp and nucleons. This coupling gives rise to
1/r -type long-range force and the NGB field of the constit
ent nucleons of a macroscopic test body add up cohere
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even when their spins are randomly aligned. From the co
straints on the energy carried away by the radiation o
NGB’s from the HT binary we obtain the upper bound
(ugp),10216. This can be compared with the separately es
tablished boundsu,1029 ~from the measurement of the
neutron electric dipole moment@11,12#! andgp,1028 GeV
~from the cooling rate of helium stars@13#!. The rate of en-
ergy loss by scalar particle emission is}V4 ~whereV is the
orbital frequency!. Observations of binary systems with
faster orbital frequencies can be used to put more stringe
bounds on couplings considered in this paper.

Finally we compute the energy loss by the radiation o
neutrino pairs from the constituent neutrons of the HT b
nary. We find that for the standard-model neutral curren
coupling Ln5(1/A2)GFn(x) n̄n, the energy radiated by
neutrino pair emission is suppressed by the phase factor a
is negligibly smaller than the gravitational radiation. There
fore if experimentally one observes a discrepancy betwe
the observed period loss of the binary orbit and the predi
tion from gravitational radiation formula, it would be a sig-
nal of a new kind of massless particle radiation and a sign
of new physics beyond the standard model.

Massless scalar radiation.We assume a coupling be-
tween massless scalar fieldsfs and the baryons of the form

Ls5gsfsc̄c, ~1!

which for a macroscopic baryon source can be written as

Ls5gsfsn~x!, ~2!

where n(x) is the baryon number density. A neutron sta
with radius;10 km can be regarded as a point source sinc
the Compton wavelength of the radiation;V215109 km is
much larger than the dimension of the source. The baryo
number densityn(x) for the binary stars~denoted by
a51,2) may be written as
5723 © 1996 The American Physical Society
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n~x!5 (
a51,2

Nad
3
„xW2xWa~ t !…, ~3!

whereNa;1057 is the total number of baryons in the neutro
star andxWa(t) represents the Keplerian orbit of the binar
stars. For the coupling~2! and the source~3! the rate of
scalar particles emitted from the neutron star in a binary or
is

dG5gs
2un~v!u2~2p!d~v2v8!

d3v8

~2p!32v8
, ~4!

and the rate of energy loss by massless scalar radiation

dE

dt
5gs

2E un~v!u2v8~2p!d~v2v8!
d3v8

~2p!32v8
, ~5!

wheren(v) is the fourier expansion of the source density~3!

n~v!5
1

2pE eik
W
•xWe2 ivt (

a51,2
Nad

3
„xW2xWa~ t !…d

3x dt,

~6!

wherev5nV is the nth harmonic of the fundamental fre-
quencyV5@G(m11m2)a

23#1/2 of the Keplerian orbit. Go-
ing over to the c.m. coordinatesrW5(x,y) by substituting
xW15m2rW/(m11m2), xW252m1rW/(m11m2) we have

n~v!5~N11N2!d~v!1S N1

m1
2
N2

m2
DM @ ikxx~v!1 ikyy~v!#

1O~kW ,rW !2, ~7!

where@x(v),y(v)# are the Fourier components of the Ke
pler orbit of the reduced mass in the c.m. fram
rW5(x,y)5(rcosu,rsinu) given by

r5
a~12e2!

11ecosu
, ~8!

u̇5FG~m11m2!a~12e2!

r 2 G1/2, ~9!

wherea is the semimajor axis ande the eccentricity of the
eliptical orbit. The expressions for„x(v),y(v)… obtained
from ~8,9! @14# are given by

x~v!5
2a

n
Jn8~ne!, y~v!5

2iaA12e

ne
Jn~ne!. ~10!

The first term in~7! is a delta function which has vanish
ing contribution to ~5!. The leading nonzero contribution
comes from the second term in~7!. Substituting~10! in ~7!
we obtain the expression forun(v)u2 given by

un~v!u25
4

3 F S N1

m1
2
N2

m2
DM G2a2V2FJ8n2~ne!

1
~12e2!

e2
Jn
2~ne!G , ~11!
n
y

bit

is

-
e

-

where we have used the dispersion relationkx
25ky

2

51
3(nV)2. Substituting~11! in ~5! we have the rate of energy

loss by massless scalars given by

dE

dt
5

2

3p F S N1

m1
2
N2

m2
DMgsG2a2V4(

n
n2FJ8n2~ne!

1
~12e2!

e2
Jn
2~ne!G . ~12!

The mode sum can be carried out using the Bessels funct
series formula (nn

2@J8n
2(ne)1(12e2)e22Jn

2(ne)#
5(1/4)(21e2)(12e2)25/2 given in Ref. @2#. The energy
loss ~12! in terms of the orbital parametersV, a and e is
given by

dE

dt
5

1

3p F S N1

m1
2
N2

m2
DMgsG2V4a2

~11e2/2!

~12e2!5/2
. ~13!

Since Namn5ma2ea where ea5 Gma
2/Ra is the gravita-

tional binding energy andmn the neutron mass, the factor
(N1/m12 N2/m2)5 G/mn @(m1/R1)2 (m2/R2)#. For the
HT binary m12m2.0.02M( and Ra;10 km; therefore,
(N1/m12 N2/m2).331023 GeV21. Substituting the nu-
merical valuesV50.225131023 sec21, m151.42M( ,
m251.4M( , a53.0813815 lsec, ande50.617127 for the
parameters of the HT binary in~13! the rate of energy loss by
massless scalar particle radiation by the HT binary turns o
to be

dE

dt
5gs

239.6231067 ergs/sec. ~14!

The time period of the elliptical orbit depends upon th
energyE, so energy loss leads to a change of the time peri
of the orbit at the rate

dPb
dt

526pG23/2~m1m2!
21~m11m2!

21/2a5/2S dEdt D .
~15!

For the Hulse-Taylor binary, the energy radiated due
gravitational radiation@1,2# is given by

dE

dt
5
32

5
GV6S m1m2

m11m2
D 2a4~12e2!27/2S 11

73

24
e21

37

96
e4D

53.231033 erg/sec. ~16!

Using ~16! in ~15! yields the orbital period deceleration
due to the gravitational radiationṖb522.40360.002
310212 which agrees with the observed value from th
Hulse–Taylor binary @1# Ṗb(observed)522.4060.09
310212 to within 1%. Energy loss by emission of othe
massless particles should be within 1% of energy loss
gravitational radiation, and that can be used to put bounds
the couplings of the various massless scalar and pseudosc
particles that arise in particle physics models.

Assuming that the energy loss by massless scalar rad
tion ~14! is less than 1% of the gravitational energy loss i.e
dE/dt<1031 ergs/sec, we obtain an upper bound on sca
nucleon coupling given by
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gs,3310219. ~17!

Exchange of massless scalar between two nucleons gives
to spin-independent fifth force with the static potenti
Vss(rW)52gs

2/4pr , which shows that the ratio of the fifth
force to the gravitational force between two nucleons
aB5gs

2/4pGmn
2<1. This is less stringent than the boun

aB<1026 for intermediate-range fifth force~with range
;102 cm! from terrestrial experiments @6,7# and
aB<21029 for long-range forces from solar system orbita
@8#.

Nambu-Goldstone boson radiation.Massless pseudosca
lar particles arise as Nambu-Goldstone bosons~NGB! when
some global symmetry is broken spontaneously@15–17#.
The generic coupling of massless NGB’sfp to ~on shell!
nucleons can be written in the form

Lp5gpfp~ c̄ ig5c!. ~18!

For models@19# where the quarks carry the global charge
whose spontaneous breaking gives rise the NGB’s , the c
pling ~18! is present at the tree level and the coupling co
stantgp is given by

gp5
Cmn

f
, ~19!

where f is the symmetry breaking scale andC is a model-
dependent constant of order 1. In some models where
neutrino masses are generated via a spontaneously bro
lepton number@15–17# there is no tree level coupling be
tween the NGB’s~called Majorons! and the quarks. Such
couplings can arise from radiative corrections and the co
pling constantgp is of the form

gp.
GFmnmn

2

f
. ~20!

The coupling~18! gives rise to a spin-dependent long-rang
force @18# V(r );(gp /mn)

2(1/r 3)@s1•s223(s1r̂ )(s2r̂ )#.
The pseudoscalar coupling in the first order ingp is spin
dependent and the field of a macroscopic body with ra
domly oriented constituents averages to zero. The radiat
of NGB by theN constituent particles of the macroscopi
system will be incoherent, which means that the energy
diated byN particles will beN times the single-particle en-
ergy loss. This is different from scalar radiation, which bein
coherent scales asN2 times the single particle radiation.

It was observed by Changet al. @9#. and Barbieriet al.
@10# that if there isCP violation in the theory thenfp can
have both pseudoscalar coupling as in~18! and scalar cou-
pling of the form ~1!. For example theCP-violating QCD
termuGG̃ will induce an interaction betweenfp and nucle-
ons of the form
rise
al

is
d

ls

-

s
ou-
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the
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-

u-

e
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ion
c
ra-

g

Lp5
ugp
mn

S mumd

mu1md
Dfpc̄c. ~21!

This scalar coupling gives rise to a long-range@V(r );1/r #
potential which is spin independent so thatfp field outside a
macroscopic object adds up coherently. The form of the i
teraction term~21! is the same as in Eq.~1! so the same
bound~17! holds for the dimensionless coupling

ugp
mn

S mumd

mu1md
D,3310219, ~22!

which means that formu55 MeV, md59 MeV we have
ugp,7.5310216. This can be compared with the separa
boundsu,1029 ~obtained from neutron electric dipole mo
ment@11,12#! andgp,1028 ~obtained from the cooling rate
of helium stars@13#!. The bound~22! holds for models@15–
17# where the mass of the Nambu-Goldstone boson
smaller than the frequencyV.10219 eV of the binary orbit.

Neutrino radiation.The coupling of neutrinos to neutrons
in the standard model is via the weak neutral current and
given by

Ln5A2GF

n~x!

2
n̄Lg

0nL , ~23!

wheren(x) is the number density of the neutrons which ar
the source of the neutrino field. The radiation of neutrino
from the HT binary withn(x)5Nd3„x2x(t)… carries away
energy at the rate

dE

dt
.SGF

2N2

4 DV6510243 ergs/sec. ~24!

The weak coupling of neutrinos to neutrons is much larg
than the coupling of the gravitons to matter; however, sin
the emission of neutrinos occurs in pairs, the phase-sp
suppression makes the energy radiated by neutrino emiss
negligible compared to graviational radiation.

The period loss in the HT system has been determined
measuring the time of periastron over a period of almost
years. The accuracy of the measured value of period lo
increases quadratically with time. If in the course of obse
vation one finds a significant discrepancy between the o
served value of period loss and the prediction of the gravi
tional quadropole formula, it would be a compelling signa
of physics beyond standard model.

Note added.Astrophysical bounds from the Hulse-Taylo
binary have been considered in Refs.@20# and @21#. In @20#
the energy loss in Brans-Dicke gravity is derived and in@21#
effect of scalar couplings on orbital parameters of the H
binary is studied.
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J.M. Pendleburyet al., Phys. Lett.136B, 327 ~1984!.
@12# V. Baluni, Phys. Rev. D19, 2227~1979!; R.J. Crewtheret al.,

Phys. Lett.88B, 123 ~1979!.
@13# D. Dicus, E. Kolb, V.T. Teplitz, and R. Wagoner, Phys. Re

D 10, 1829 ~1979!; M. Fukugita, W. Watamura, and M.
Yoshimura, Phys. Rev. Lett.48, 1522~1982!; G.G. Raffelt and
7

r,

v.

D.S.P. Dearborn, Phys. Rev. D36, 2211~1987!.
@14# L.D. Landau and E.M. Lifshitz,Classical Theory of Fields

~Pergamon, New York, 1980!.
@15# Y. Chikashige, R.N. Mohapatra, and R.D. Pecci, Phys. Let

98B, 265 ~1981!.
@16# G. Gelmini and M. Roncadelli, Phys. Lett.99B, 411 ~1981!;

C.S. Aulakh and R.N. Mohapatra,ibid. 119B, 136 ~1983!; S.
Bertolini and A. Santamaria, Nucl. Phys.B310, 714 ~1988!.

@17# G. Gelmini, S. Nussinov, and T. Yanagida, Nucl. Phys.B219,
31 ~1983!; H. Georgi, S. L. Glashow, and S. Nussinov,ibid.
B193, 297~1981!; R. Barbieri and R.N. Mohapatra, Z. Phys. C
11, 175 ~1981!; F. Wilczek, Phys. Rev. Lett.49, 1549~1982!;
D. Reiss, Phys. Lett.115, 217 ~1982!.

@18# J. Moody and F. Wilczek, Phys. Rev. D30, 130 ~1984!; G.
Feinberg and J. Sucher,ibid. 20, 1717~1979!.

@19# R.D. Peccei and H. Quinn, Phys. Rev. Lett.38, 1440~1977!; S.
Weinberg, ibid. 40, 223 ~1978!; F. Wilczek, ibid. 40, 279
~1978!; J.E. Kim, Phys. Rep.150, 1 ~1987!.

@20# C.M. Will and H.W. Zaglauer, Astrophys. J.346, 366 ~1989!.
@21# C.P. Burgess and J. Cloutier, Phys. Rev. D38, 2944~1988!.


