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Abstract. We investigate on the relative inclination of the planets B and
C orbiting the pulsar PSR B1257+12. First, we show that the third Kepler’s
law does represent an adequate model for the orbital periods P of the
planets, because other Newtonian and Einsteinian corrections are orders of
magnitude smaller than the accuracy in measuring Pg/c. Then, on the basis
of available timing data, we determine the ratio sin ic/ sinig = 0.9240.05
of the orbital inclinations ig and i¢ independently of the pulsar’s mass M.
It turns out that coplanarity of the orbits of B and C would imply a violation
of the equivalence principle. Adopting a pulsar mass range 1 < M < 3,
in solar masses (supported by present-day theoretical and observational
bounds for pulsar’s masses), both face-on and edge-on orbital configura-
tions for the orbits of the two planets are ruled out; the acceptable incli-
nations for B span the range 36 deg < ig < 66 deg, with a corresponding
relative inclination range 6 deg < (ic — ip) < 13 deg.

Key words.  Planetary systems—pulsars: general, individual, (PSR
B1257+12)—extrasolar planets.

The 6.2-ms PSR B1257+12 pulsar was discovered in 1990 during a high galactic
latitude search for millisecond pulsars with the Arecibo radiotelescope at 430 Hz
(Wolszczan 1990). Two years later, PSR B1257+12 turned out to be orbited by at
least two earth-sized planets (B and C) along almost circular paths (Wolszczan & Frail
1992). In 1994, it was announced the discovery of a third, moon-sized planet (A) in
an inner, circular orbit (Wolszczan 1994). Its presence, questioned by Scherer et al.
(1997), was subsequently confirmed in Konacki et al. (1999) and Wolszczan et al.
(2000). The relevant orbital parameters of the PSR B1257+12 system are listed in
Table 1. Note that the ratios yg ¢ of the masses of B and C to M were measured from
timing data exploiting their mutual gravitational perturbations (Konacki ef al. 2000),
without using the standard reference value M = M = 1.4 M, for the pulsar’s mass.
Given the peculiarity of the PSR B1257+12 system, it is certainly important to
deepen the knowledge of the orbital configuration of its planets in order to gain insights
about the evolutionary dynamics of such a rare system. Here, without making any
a priori assumptions about the inclinations of B and C, we wish to constrain them from
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Table 1. Relevant parameters (Konacki & Wolszczan 2003) of the
three planets (Wolszczan & Frail 1992; Wolszczan 1994) A, B and C,
hosted in the PSR B1257+12 system (Wolszczan 1990), derived from
analysis of timing data ranging 12 years (1990-2003) collected at the
305-m Arecibo telescope. P is the orbital period, x is the projected
barycentric semimajor axis of pulsar’s motion and y = m /M (Konacki
et al. 2000) is the ratio of the planet’s mass to the pulsar’s mass. Figures
in parentheses are the formal 1o uncertainties in the last digits quoted.

Planet P(d) x(ms) y(lO’(’)
A 25.262(3) 0.0030(1) -

B 66.5419(1) 1.3106(1) 9.2(4)
C 98.2114(2) 1.4134(2) 8.3(4)

the available timing data by assuming a reasonable interval of masses for the hosting
pulsar.

To this aim, we will exploit the third Kepler’s law whose use is justified in detail
below. First of all, let us note that, by defining s = sini, it is possible to write the
planetary relative (i.e., pulsar-to-planet) semimajor axis a in terms of the measured

quantities y and x as:
M 1
a=<1+—)ﬁ=(ﬂ>’f, ()
m) s y s

where c is the speed of light in vacuum. Note that both x and y were phenomenologi-
cally determined in Konacki & Wolszczan (2003) independently of the third Kepler’s
law itself and of the pulsar’s mass. The third Kepler’s law is:

P\? a’
(£) =g
7) T GM1+y)
from which it is possible to express the pulsar’s mass in terms of the phenomenologi-
cally determined quantities x, y, P, apart from s which will be considered as unknown.
Note that a purely Keplerian model for the orbital period is quite adequate because
non-Keplerian corrections like those due to the oblateness of the pulsar (if any), to the
planet—planet interaction and to the 1PN (O(c~?) terms are negligible given the present-
day accuracy in determining Pg,c. Indeed, concerning the oblateness of the central
mass, its contribution A P©P) to the orbital period of an orbiting test particle can be
written as (orio & Lichtenegger 2005):

67 R*J,
GMa’

A P (Obl) — (3)

where |J»| < 1 represents the first even zonal harmonic coefficient of the multipolar
expansion of the gravitational potential of the pulsar' and R is the pulsar’s radius; by

'In this rough order-of-magnitude estimate there is no need to take into account contributions
due to the peculiarity of the matter state in the neutron star.
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assuming typical values> R = R = 10km and M = M = 1.4 M, one has
AP ~ —Jh x 10724, €5

The corrections A PGP to the orbital period of a planet of mass m induced by
another planet of mass m’ can be written as (Iorio & Lichtenegger 2005):

4 Gm’
., 5

AP(Srd body) — _
na

where n = \/Gm/a3 is the Keplerian mean motion of the perturbed planet and a’ is
the perturber’s semimajor axis. In the case of the planets B and C it turns out that

AP(3l‘d body) ~ 10—15 d. (6)

The fact that the planets B and C are in a 3:2 resonance does not affect their orbital
periods. Indeed, according to the Lagrange’s perturbation equation for the variation of
a (Brouwer et al. 1961),

. 0H
a o —, N
ao
where 0 = —nT), is related to the time of pericentre’s passage T, and H is the

interacting Hamiltonian of equation (23) in Konacki et al. (2000). Since H; does not
explicitly contain o there is no secular change in the semimajor axis of B and C. The
mutual perturbing effects employed in Konacki et al. (2000) to estimate yp and y¢ are
not the corrections to the Keplerian orbital periods.

The 1PN post-Newtonian correction A PPN to the orbital period of order O(c~2)
can be written as (Damour & Deruelle 1986):

3n
APUPN = —ZVGMa; ®)

it turns out that
AP ~ 107°d. ©)

The latter contribution is the most important post-Keplerian correction to P, but it is
two orders of magnitude smaller than the 1o formal errors in the phenomenologically
determined orbital periods quoted in Table 1.

Thus, from equations (1, 2) we have:

27(1 2 3

GM = [—”( +y)} <E> . (10)
P ys

Taking the ratio of equation (10) for both B and C allows us to get information about

the relative orbit inclination independently of M itself: indeed, we have, from Table 1

P 2/3 1 2/3
=% _ (_B> (xCVB> ( + VC) = 0.92 £ 0.05. (11)
sB Pc xgyc/) \1+ys

2As a consequence, we also used i = 53deg and ic = 47 deg obtained in (Konacki &
Wolszczan 2003) with M.
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The 1o error was conservatively assessed by propagating through equation (11) the
uncertainties in Pg, Pc, Xg, Xc, ¥, Yc quoted in Table 1 and linearly adding the result-
ing biased terms. It turns out that the most important sources of errors are yg and y¢
yielding §S,, = 0.02 and 65,,. = 0.03.

It may be interesting to note that, by assuming sinig = sinic, the quantity S
in equation (11) may be interpreted as a measure of a violation of the equivalence
principle. Indeed, according to Nobili et al. (2008), by putting m, = m;(1 + n) for
the gravitational and inertial masses of a test particle orbiting a central body of mass
M, the 2-body problem encompassing a violation of the equivalence principle can be
described by the same formulas derived in the classical 2-body problem, provided that
whenever they contain the product G M, we substitute it with GM (1 + n). Applying
it to equation (10) for the planets B and C, it turns out that S can be interpreted as:

| 1/3
Si( +'7C) . (12)
I+ ns

Thus, coplanarity and the result of equation (11) would yield a violation of the equiva-
lence principle in the PSR B1257+12 system at 1.60 level. However, it must be noted
that such a test would be stronger if one had evidence that the composition of the two
planets was very different.

The constrain of equation (11) is a consistent, genuine dynamical one which does
not make use of any assumption about M ; Konacki & Wolszczan (2003) did not obtain
it. However, we note that the values of yg,c, entering equation (11), were measured
in Konacki & Wolszczan (2003) by using the model of Konacki et al. (2000) which
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Figure 1. Plot of ic = arcsin(Ssinig) for the minimum (lower red curve) and maximum
(upper red curve) values of S according to equation (11). Such constraints are independent of the
pulsar’s mass. The blue dashed line represents the coplanarity case. The distance between the
blue coplanarity line and the lower red curve yields the maximum value of the relative inclination
I allowed by the system’s parameters along with their uncertainties; it is depicted in green and
shows that I > 10deg for ig > 56 deg.
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neglects terms in sin?(/ /2), where I = |ig —ic]| is the relative inclination of the orbital
planes of B and C assumed tobe I < 10deg. In Fig. 1, itis plotted the allowed region in
the plane {ig, ic}, according to equation (11), delimited by the minimum and maximum
values of the ratio S. The blue dashed line represents the coplanarity condition, while
the green line is the maximum value of [ allowed by the system’s parameters. It can be
noted that for face-on (i — 0 deg) geometries the orbital planes tend to be coplanar.
Most remarkable deviations from coplanarity (more than 10 deg with a maximum of
about 32 deg for i = 90 deg) occur for edge-on (i — 90 deg) geometries, but in such
cases caution is required since we would fall outside the 7 < 10deg condition on
which our analysis relies upon; Fig. 1 shows that this occurs for ig = 56 deg. In the
following, we will explore the viability of various possible orbital inclinations in terms
of physically plausible values of M.

We will study the behaviour of equation (10) for B and C as a function of ip
(because of equation 11) in order to constrain the inclinations. Indeed, since we have
no independent information at all on ig,c, we will use a reasonable interval of masses
for the pulsar to constrain them (and their relative inclination / through equation (11)
which is independent of M). We wish to preliminarily notice that, in principle, PSR
B1257+12, as a member of the rare class of the planetary pulsars, may have had a
different formation and evolution with respect to the other neutron stars. However,
in absence of any other indication on the details for the evolutionary history of PSR
B1257+12, we will rely the following analysis upon standard mass intervals, commonly
adopted for other kinds of neutron stars. This is a notable difference with respect to
Konacki & Wolszczan (2003) in which the pulsar’s mass was kept fixed to 1.4 M.
Theoretically speaking, different Equations-of-State for nuclear matter inside neutron
star yield different pulsar’s mass ranges; we will adopt 1-3 My (Lattimer & Prakash
2004). Let us note that present-day observations are all compatible with that range.
As to the lower bound, all the best determinations of the mass of a neutron star fall
well above 1 M, approaching that value only for the most uncertain cases (see Stairs
2006 for an overview of measured pulsar masses). As to the upper bound, the highest
securely measured value of the mass of a pulsar is that recently obtained for PSR
J04374715 (about 1.76 &= 0.20 M (Verbiest et al. 2008)). Anyway, our adopted mass
range also includes the cases of more massive neutron stars (e.g., Freire et al. 2008a),
whose claimed high mass must still be confirmed by additional investigations.

The 1o error in the value of M calculated using equation (10) can be conservatively
evaluated by propagating the uncertainties in P, x, y of Table 1, and linearly summing
the resulting individual biased terms. It is of the order of 13% and the major contribution
to it turns out to be due to y. By considering the allowed regions for M determined
by the curves M + § M by means of equation (10) applied to both B and C, it turns out
that the tightest constraints come from B whose allowed region is entirely enclosed in
that due to C. In Fig. 2, we depict the constraints on ig for | < M < 3 in solar masses.
As can be noted, it turns out that 36 < ig < 66 deg. From an inspection of Fig. 1 it
turns out that the relative inclination I is different from zero being 6 < I < 13 deg.
It is interesting to note that larger values of 7, which, at least to a certain extent, may
still be compatible with the analysis presented here,? are ruled out by the lower bound
on the pulsar’s mass.

3 After all, sin? [ /2 = 0.007 for I = 10deg; a relative inclination of, say, / = 15 deg would
yield sin® 1/2 = 0.02.
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Figure 2. Allowed region for ig as a function of M. The 1-3 M, interval of Lattimer & Prakash
(2004) has been chosen.
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Figure 3. Detail of Fig. 1. Zoomed section of Fig. 1, focusing on the most likely region for ig
and ic (49deg < ig < 57deg) x (44deg < ic < 50deg) obtained in Konacki & Wolszczan
(2003) under the assumption M = 1.4 M. It is possible to see that only a portion of the region,
delimited by the red lines, is compatible with the mass-independent constraint of equation (11).

Konacki & Wolszczan (2003) by using M = M, obtain 49 deg < ig < 57deg and
44 deg < ic < 50deg. On one hand, our analysis confirms, as expected, that a larger
range of values for iz and ic is allowed when a suitable interval of values for the mass
of the pulsar is taken into account. On the other hand, thanks to the new constraint
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implied by equation (10), it is now possible to show that not all the combinations of
orbital inclinations ig and ic indicated in Konacki & Wolszczan (2003) are acceptable
(even when adopting the same uncertainty level of Konacki & Wolszczan 2003). In fact,
as depicted in Fig. 3, the rectangle of acceptable values (49deg < ip < 57deg) x
(44 deg < ic < 50deg) indicated in Konacki & Wolszczan (2003) is not entirely
included in the region allowed by the mass-independent constraint of equation (11).

Acknowledgement

I thank A. Possenti for his useful criticisms, suggestions and contributions which
greatly contributed to the improvement of the manuscript.

References

Brouwer, D., Clemence, G. M. 1961, Methods of Celestial Mechanics, New York: Academic
Press.

Damour, T., Deruelle, N. 1986, General relativistic celestial mechanics of binary systems. II.
The post-Newtonian timing formula, Ann. Inst. H. Poincaré Phys. Théor., 44, 263-292.

Freire, P. C. C., Ransom, S. M., Bégin, S., Stairs, I. H., Hessels, J. W. T., Frey, L. H.,
Camilo, F. 2008a, Eight New Millisecond Pulsars in NGC 6440 and NGC 6441, ApJ, 675,
670-682.

Freire, P. C. C., Wolszczan, A., van den Berg, M., Hessels, J. W. T. 2008b, A Massive Neutron
Star in the Globular Cluster M5, ApJ, 679, 1433-1442.

ITorio, L., Lichtenegger, H. 2005, On the possibility of measuring the gravitomagnetic clock
effect in an Earth space-based experiment, Class. Quantum Grav., 22, 119-132.

Konacki, M., Maciejewski, A. J., Wolszczan, A. 1999, Resonance in PSR B1257+12 Planetary
System, ApJ, 513, 471-476.

Konacki, M., Maciejewski, A., Wolszczan, A. 2000, Improved Timing Formula for the PSR
B1257+12 Planetary System, ApJ, 544, 921-926.

Konacki, M., Wolszczan, A. 2003, Masses and Inclinations of Planets in the PSR B1257+12
System, ApJ, 591, L147-L.150.

Lattimer, J. M., Prakash, M. 2004, The Physics of Neutron Stars, Science, 304, 536-542.

Nobili, A. M., Comandi, G. L., Bramanti, D., Doravari, S., Lucchesi, D. M., Maccarrone, F.
2008, Limitations to testing the equivalence principle with satellite laser ranging, Gen. Relativ.
Gravit., 40, 1533-1554.

Scherer, K. ef al. 1997, A Pulsar, the Heliosphere, and Pioneer 10: Probable Mimicking of a
Planet of PSR B1257+12 by Solar Rotation, Science, 278, 1919—-1921.

Stairs, 1. H. 2006, Masses of radio pulsars, J. Phys. G: Nucl. Part. Phys., 32, S259-S265.

Verbiest, J. P. W., Bailes, M., van Straten, W., Hobbs, G. B., Edwards, R. T., Manchester, R. N.,
Bhat, N. D. R., Sarkissian, J. M., Jacoby, B. A., Kulkarni, S. R. 2008, Precision Timing
of PSR J0437-4715: An Accurate Pulsar Distance, a High Pulsar Mass, and a Limit on the
Variation of Newton’s Gravitational Constant, ApJ, 679, 675-680.

Wolszczan, A. 1990, PSR 1257+12 and PSR 1534+12 (ed.) Green, D. W. E. In: IAU Circ.,
5073, 1.

Wolszczan, A., Frail, D. A. 1992, A planetary system around the millisecond pulsar
PSR1257+12, Nature, 355, 145-147.

Wolszczan, A. 1994, Confirmation of Earth Mass Planets Orbiting the Millisecond Pulsar PSR:
B 1257+12, Science, 264, 538-542.

Wolszczan, A. et al. 2000, A 25.3 Day Periodicity in the Timing of the Pulsar PSR B1257+12:
A Planet or a Heliospheric Propagation Effect?, ApJ, 540, L41-L44.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


