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The Be/X-ray binary A 0535+26 showed a normal (type I) outbim August/September 2005,
which reached a maximum X-ray flux of 400mCrab in the 5-100kaMje. The outburst was
observed by INTEGRAL and RXTE.

The energy of the fundamental cyclotron line has been medswith INTEGRAL and RXTE at
~45keV. Flaring activity was observed during the rise to thakpof the outburst. RXTE obser-
vations during one of these flares found the energy of thedfomahtal cyclotron line shifted to a
significantly higher position than during the rest of thetmuist, where it remains constant. Also,
the energy-dependent pulse profiles during the flare difggrificantly from the rest of the out-
burst. These differences have been interpreted with treepoe of magnetospheric instabilities
at the onset of the accretion.

A decomposition method is applied to A 0535+26 pulse prafiissic assumptions of the method
are that the asymmetry observed in the pulse profiles is ddwsaon-antipodal magnetic poles,
and that the emission regions have axisymmetric beam pattéysing pulse profiles obtained
from RXTE observations, the contribution of the two emissiegions has been disentangled.
Constraints on geometry of the pulsar and a possible salofithe beam pattern are given. First
results of the comparison of the reconstructed beam patitha geometrical model that includes
relativistic light deflection are presented.
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1. Introduction

The Be/X-ray binary A 0535+26 was discovered in 1975 by [1]isla transient source, in
an eccentric orbitg=0.47) of~ 1103 days orbital period [2]. Since its discovery it has shown 5
giant (type II) outbursts in 1980 [3], June 1982 [4], Marct8295], February 1994 [2] and May
2005 [6]. The last one in 2005 could not be observed in X-rgymbst astronomical instruments
due to Sun constraints. A subsequent normal (type ) outtbook place in August/September
2005 [7] associated with the periastron passage. The atittaa to our INTEGRAL and RXTE
observations.

The source spectrum presents cyclotron resonance sogtteaitures at-45 keV and~100 keV
discovered by HEXE [8]. The INTEGRAL and RXTE observatioravé provided the first high
accuracy measurements of the cyclotron line energy of A 8885RXTE monitoring has allowed
to study the evolution of the cyclotron line energy at difierluminosities, and like in other sources
([9], [20], [11]) it was found to vary with the X-ray lumindyi[12].

Flaring activity has been observed during the rise to thé& péthe outburst. RXTE observa-
tions from one of these flares have revealed a different sdenid timing behavior of the source.
These results have been presented in [12], and a possiblprietation of the observed changes
is proposed in [13]. A review of the observations and intetgion is given in Sec. 2. In Sec. 3
results from a decomposition analysis of A 0535+26 eneryeddent pulse profiles are shown.
The method and assumptions are described in Sec.3.1. A reta#ed description is given in
[14], and therefore all the formal derivations and techinitedails are not repeated here. We find a
possible decompaosition of the pulse profiles, that has alibte reconstruct the visible part of the
beam pattern of A 0535+26, and to extract information on #engetry of the system (Sec. 3.2).
The reconstructed beam pattern is used as input for a geoatetrodel that takes into account
general relativity effects. Preliminary results are pnésd in Sec.3.2.3. Sec. 4 contains a summary
and conclusions.

2. Magnetospheric instabilities

Flaring activity has been detected during the rise to th& péthe 2005 outburst. RXTE ASM
and Swift BAT light curves are shown in Fig. 1. INTEGRAL penfoed a~ 200ks observation
near the peak of the outburst, and RXTE monitored the completburst with an exposure time
of ~ 140ks, including three observations of one flare during ifeto the peak. The INTEGRAL
and RXTE observations are indicated in Fig. 1.

The pulse period of the pulsar has been studied in detaihgutie outburst. A constant
spin period (within uncertainties) is measured during faatt of the outburstP=103396((5)s,
followed by a spin-up oP=(—1.69 4 0.04) x 10 8ss! (measured at MJD 53618) at periastron.
For the first time during a normal outburst a spin-up is meastor A 0535+26, providing evidence
for the presence of an accretion disk [12].

Energy-dependent pulse profiles during the pre-outbunst 8éfer considerably from those
obtained during the main part of the outburst, as shown inZ{teft). During the main part of the
outburst, a strong change of the pulse profiles above thetcgol energy takes place. However,
during the flare there is a smooth evolution of the pulse m®filbove the cyclotron energy. The
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Figure 1. A 0535+26 RXTE ASM and Swift BAT light curves during the norin{gype 1) outburst in
August/September 2005. The dashed vertical line indicdhteperiastron time. The RXTE and INTEGRAL
observations are indicated in the upper panel.

drastic change above the cyclotron energy during the maik pas been interpreted in [13] as
a weakening of the fan-like component of the beam due to tkeeggrdependence of the cross-
section for ordinary photons. The cyclotron line energy a@ra constant during the main part of
the outburst. Near the peak, INTEGRAL measugg=45.9-+0.3keV [15]. A significant change
in the cyclotron line is measured during the pre-outburseflaeachingEe=520"15keV. The
cyclotron line evolution during the outburst is shown in.R2dright).

The flaring activity observed has been explained as due tariode magnetospheric instabil-
ity that develops at the onset of the accretion, in the thimdary layer between the accretion disk
and neutron star magnetosphere. The matter accumulated boundary layer rapidly falls onto
the neutron star surface close to the magnetic poles, aliffiegetit magnetic field lines by which
stationary accretion proceeds. This explains the difiserin the pulse profiles and the change in
the cyclotron energy during the flare compared to the resteobtitburst. Details are given in [13].
The present analysis will be performed (and is applicabidy o the stable pulse profiles in the
main outburst.

3. Pulse profile decomposition

Geometrical models of filled and hollow accretion columnaadreting neutron stars, includ-
ing relativistic light deflection, have been computed in][a6d [17]. These models give the beam
pattern or energy-dependent flux of one emission region ascibn of the angle, as seen by a
distant observer. Introducing the rotation of the pulsat &s geometry, i.e., the orientation of
the rotation axis with respect to the direction of obseoratind the location of the two poles, the
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Figure 2: Left: A 0535+26 energy-dependent pulse profiles during tue fand near the peak of the Au-
gust/September 2005 normal (type 1) outburst. Right: P@Atlcurve of the outburst (top) and evolution of
the cyclotron line energy (bottom).

pulsed emission from each of the two poles or single-poleegpkofiles that a distant observer
would see can be modeled. The sum of the single-pole cotibiisugives the total pulse profile.

In this work we apply a decomposition method that invertspiteeess described above. From
the observed pulse profile the single-pole pulse profilesoatained, and from the single-pole
contributions information on the geometry of the neutrar sind the beam pattern is extracted.
This method has been applied to the accreting pulsars Cefil8&nd Her X-1 [19]. Of course
the backwards process is not straightforward and involagsiguities which will be discussed.

3.1 Method
3.1.1 Assumptions

The basic assumption, which is often adopted in model caiiculs, is that the emission re-
gions at the magnetic poles are axisymmetric. The beamrpdtiem one pole is then only a
function of the angled between the direction of observation and the magnetic aiigss makes
the single-pole pulse profile necessarily symmetric. Ortb@symmetry points will be the instant
when the magnetic axis is closest to the line of sight, andther symmetry point will be half a
period later, with the magnetic axis pointing away from theerver.

Assuming an ideal dipole magnetic field, the above assumpteressarily implies a sym-
metric total pulse profile. It can be shown that a small disptaent of one of the magnetic poles
from the antipodal position can explain the asymmetry instin@ of the single-pole contributions.
Therefore the assumption of an ideal dipole field is modifietfpducing a small offset from an
ideal dipole field.

Another assumption made is that the two emission regionsharsame, i.e., have the same
beam pattern. This implies that each of the two poles will engikible one section of the same
beam pattern. Depending on the geometry of the neutron sthithe@ angle of observation, those
two sections will in some cases have coincident parts. T¢ssraption has been tested with the

1N
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accreting pulsars Cen X-3 [18] and Her X-1[19]. In those saseoverlapping region was found,
in agreement with the assumption of two equal emission nesgio

3.1.2 Decomposition into single-pole pulse profiles

The first step of the analysis is to express the original ppiséile as a Fourier series. The
total pulse profile F is written as:

n/2—-1
F(cD):}qur Z [ukCOQkCD)Jrvksin(de)]+un/zcos(gd)) (3.2)
K=1

2
where n is the number of bins of the original pulse profile énid the phase. Eqg. 3.1 gives
a valid representation of the original pulse profile at alhgds if the Fourier transform of F ap-
proaches to zero as the frequency approaches n/2. If thistisha case (phenomenon called
aliasing), less Fourier coefficients are taken into account to descdhe original pulse profile.
The single-pole pulse profilels and f, are described by the following symmetric functions:

n/2
fa(®) = Sco+ ) ckcosk(®—®y)] (3.2)
k=1
n/2
fo(®) = Edo + Z di cos{K[P — (Do + )]} (3.3)
k=1

®; and P, are the symmetry points dfi(®P) and f,(P) respectively. Formally, a decompo-
sition of F into two symmetric functions exists for every @wof their symmetry point$; and
®,. For convenience, we use the paraméter= m— (®; — P;), that represents the azimuthal
displacement of one pole with respect to the antipodal jpos{see Sec. 3.1.3). All formal decom-
positions will be contained in the parameter sp&ge- A, with 0 < @1 < rand 0< A < 11/2. Once
the formal decompositions are calculated, physical d¢aitere applied to decrease the number of
decompositions to physically meaningful ones. Thoserdaitgre the following:

e “positive criterion”: both f;(®) and f,(®) must be positive, since they represent photon
fluxes.

e “non-ripples criterion”: the single-pole contributiorfg(®) and f2(®) should not be much
more complicated than the original pulse profile. Individoase profiles with many peaks
that cancel out in the sum are not accepted.

e the same symmetry points must give valid decompositiond amargy bands.

Once a possible decomposition is found, the symmetry péimteach of the two pole®; and
@,, and the parametek, related to the position of the emission regions on the paustar, are
determined.
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Figure 3: Schematic view of a rotating neutron star. A spherical cimarte system is used, with the rotation
axis as polar axisQ; is the polar angle of th&h pole.Qy is the polar angle of the direction of observation.
The anglef between the magnetic pole and the direction of observatianges with the rotation angte.
Figure from [14].

3.1.3 From single-pole pulse profiles to beam pattern

In Fig. 3 a schematic view of a rotating neutron star is shatvspherical coordinate system
is used with the rotation axis as polar axis. As was explaatemle, the beam pattern is assumed
to be axisymmetric, and therefore to depend only on the dregleeen the direction of observation
and the magnetic axi@. The value of6 changes with the rotation angie. Depending on the
position of the poles with respect to the rotation axis arukedeing on the direction of observation
with respect to the magnetic axis, we will only observe aisaaif the beam pattern for each pole.

Applying the cosine formula to the spherical triangle in.RBgwe obtainé as a function of
the phaseb:

€0s6 = c0s®( CcosO; + SiN@ysin@; cog P — ;) (3.4)

whereQy is the polar angle of the direction of observati@j,the polar angle of théth pole,
and®; one symmetry point for th&h pole.

The intrinsic pulsar geometry is shown in Fig. 4. A complegsatiption of the pulsar can
be given in terms of the polar angl&; and ©,, and the difference in their azimuthal angles
@, — d, = m— A. The angular distancé between the location of the second magnetic pole and
the point that is antipodal to the first magnetic pole can leel @s a measure for the deviation from
an ideal dipole field. From Fig. 4:

€0S0 = — c0S®, c0sO; + SiN@,siN®; cosA (3.5

Considering the beam pattern as a function offcaad the single pole pulse profiles as func-
tions of cog® — @), as the relation between cBsand co$d — ;) is linear (Eq.3.4), there is
no distortion between the two functions. Therefore, oncehaxge the single-pole pulse profiles,
plotting them as a function of co® — ®;) we will obtain two sections of the beam pattern. In
some cases an overlapping region will emerge. Using geaakproperties, it can be shown that
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Figure 4: Intrinsic geometry of the pulsar. With the rotation axis @ap axis, the magnetic poles are
located at polar angle®; and©,. The angular distanc& between the second magnetic pole and the point
that is antipodal to the first magnetic pole gives the demiefiom an ideal dipole field.Figure from [19].

the relative position of the two single-pole profiles (inntasrof the total pulse profile) are related
to the position of the two poles. This requires an independetermination of the direction of
observation. Details can be found in [14].

3.2 Application to A 0535+26

RXTE HEXTE energy-dependent pulse profiles of A 0535+26rduthe August/September
2005 normal outburst have been analyzed. Pulse profilesnettaluring the main part of the
outburst have been selected for the analysis, as thoseegrafipear to be very stable, not only
during the outburst but also compared to historical obsenva Several observations have been
used, for a total exposure time 820 ks.

3.2.1 Search for acceptable decompositions

The energy-dependent pulse profiles are written as Fowiggss These functions are then
written as the sum of two symmetric functiofig®) and fo(®). To search for physically mean-
ingful decompositions, thé; — A parameter space is divided irf X 1° boxes. All the formal
decompositions are represented in this plane. We applynibie-hiegative criterion”. Out of all the
decompositions, only those for whidi(®) and f,(®) are positive are accepted. Fig. 5 (left) shows
where in the®; — A plane positive decompositions have been found. The “rgplas criterion”
is then applied. A quality function is defined, which courits humber of peaks in one profile. To
avoid having to study all the decompaositions, similar oresgrouped into types. We study the
representative of each type. Fig. 5 (right) shows where itleelst ranked profile representatives
were found. We have examined all these decompositions fierelift energy ranges, dividing the
parameter space in five regioAsB, C, D andE.

Combining the results of the analysis in different energyges and for different observations,
we find a best decomposition of the original pulse profilesmfion A. They are shown in Fig. 6.
The dotted horizontal line corresponds to the remaining adutated flux available to distribute
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Figure 5: Left: Result of applying the “non-negative” criterion: aenpositions outside the black area are
discarded. Right: Highest ranked decompositions groupdide regionsA, B, C, D andE. The different
symbols represent different energy ranges: +: (18.3—88\)x: (30.9-44.5)keV A: (44.5-59.1)keV,
: (59.1-99.8) keV
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Figure 6: Best decomposition of the original pulse profiles (left)wotsymmetric functions (right).

between the two symmetric functions that can not be detenfrom the decomposition. The
minima of the two symmetric functions have been shifted tawzso that the sum of the two
symmetric functions plus the unmodulated flux reproducesotiiginal pulse profile. The values

of @1, A and®, (usingA = m—

(P1 — P7)) can not be more accurate than thé bih resolution,

and we therefore use this value as uncertainty for the symgmeints. Average values for the best
decomposition in regioAare®; =73 +£12°, A=33 + 12 and®, + 1= 106 +12°
Decompositions in region€ and E are discarded because they present a very strong anti-
correlation in the main peaks which seems artificial, noeetgd from two independent emission
regions. Decompositions in regiosand D have also been discarded, because the single-pole
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Figure 7: Reconstructed beam pattern of A 0535+26 in different eneagges. Left: linear representation.
Right: polar diagram.

pulse profiles present an anti-correlation in many smatufes that cancel out in the sum, also not
expected from two independent emission regions. Anothgrmaent to reject decompositions in
regionsC, D andE is that they all present higher valuesf&f Under the assumption of slightly
displaced magnetic poles, smaller value€\afre more likely to be real. This was the case in the
analysis of the accreting pulsars Cen X-3 [18] and Her X-1,[®here the best decompositions
were found for small values k. A further argument against decompositions in regiBn&
andD emerges in the reconstruction of the beam pattern from tigdespole contributions (see
Sec. 3.2.2).

3.2.2 From single-pole pulse profiles to geometry and beam fiarn

Doing the proper transformation of the single pole pulsdile®into undistorted sections of
the beam pattern, an overlapping region does not emergeewmywunder the assumption of two
identical emission regions, the two sections can almosbhaected to each other, with a small gap
in between. This was not possible for the decompositionsegionsB, C andD. The shift between
the two sections is related to the position of the magnetlespand the direction of observation
(see [14] for details). The inclination of the systeni is 37 4+ 2° [20]. Assuming that the rotation
axis of the neutron star is perpendicular to the orbital @las- ©9. We can therefore obtain the
location of the pole®, and®,. The angular distance between the location of the secoredgmul
the point that is antipodal to the first padecan be estimated using Eqg. 3.5. The estimated values
for the position of the magnetic poles and the offset@yex 50°, ©, ~ 130, d ~ 25°. It is then
possible to plot the reconstructed sections of the beararpads a function of. The two sections
of the beam pattern are reconstructeddar (13° —87°) and8 € (93° — 167). The reconstructed
beam pattern is shown in Fig. 7.

3.2.3 Interpretation of beam pattern

A characteristic feature of the reconstructed beam patsearminimum observed in the flux
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Figure 8: Geometrical model of hollow column. Figure from [16]

betweend ~ 30° — 40°. This feature is present at all energies and we thereforevedhat it could
be related to the geometry of the accretion. (It is also mteatlower energies, seen from the
analysis of PCA data [23]). Filled column models give a beattepn in which the flux decreases
at low values 08, corresponding to the instant when the observer looks dlomgccretion stream
[17]. Introducing a hollow column plus a halo created on teatron star surface around the
column walls from scattered radiation emitted from the svalbuld explain the flux at low values
of 8 and the minimum a# increases when the observer looks directly into the column.

The steep increase in flux at high values of théta-(120°) could be due to gravitational light
bending, which produces a similar feature in model calauiat

To obtain estimates on the size of the accretion column, aehfod a hollow column plus
a halo has been calculated fére (0°,40°). Geometrical models of filled columns, including
the formation of a halo around the accretion column, wersad in [17], where the relative
importance of the different components (halo-column) ® dbserved flux was studied. In the
work presented here, the modelling is performed as in [1M]jiiroducing a hollow column. A
detailed study of this model will be presented elsewheranBpatterns are computed using ray-
tracing [21] and include relativistic light deflection [22]

The emission of the column wall is assumed to be a blackbodgroperaturéless, assumed
to be isotropic. Part of the radiation that leaves the collitsithe neutron star surface, creating a
luminous halo around the column walls. This emission is m&slto be thermal. Schwarzschild
metric is used to calculate photon paths. This is apprapf@t A 0535+26 because it is a slowly
rotating neutron stafpin ~ 1034s). The Schwarzschild radius is = 2GM/c? and the neutron
star radiusry. The accretion funnel has an inner half-opening amgl@nd outer half-opening
angleap. A radiative shock is assumed to form close to the neutrarsstéace at radial coordinate
r.. See Fig. 8 for a sketch of the geometry of the hollow columelo® the shock, the column
is optically thick and radiation is emitted from the innemdamuter walls. Above the shock, the
accretion is assumed to be in free-fall.

The mass and radius of the neutron star are taken tdbe 1.4M. andr, = 10km. The
radiative shock is formed at = 10.5km, and an asymptotic luminosity per polelaf = 0.8 x

10
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Figure 9: Beam pattern models for hollow column with halo for differenlumn thickness and the same
opening angle (left) and different opening angles with sawlemn thickness (right), calculated fére
(0°,40°).

10%’ergs ™ is taken. The cyclotron energy, used to calculate the magsesdttering cross-section,
is set toE¢y =45 keV at the magnetic pole. Beam patterns have been cothfauté.6 keV photons.

Different models have been computed for different valueghefinner and outer half-opening
angles. For each model, the temperature of the Plank speetmitted by the column wall and the
density that the accreting material has at the base of tleefdtesection follow from the assumed
geometry and the value &f,. The parameters used for each model are listed in Table LltRes
from the model calculations are shown in Fig. 9.

Table 1: Model parameters used in the computation of beam patterds#35+26, forf < (0°,40°).
model a; (rad) ap (rad) kT(keV) p (10->g/cm3)

1 0.08 0.1 4.1 16
2 0.06 0.1 4.1 9
3 0.04 0.1 4.1 6.8
4 0.09 0.15 3.7 4
5 0.14 0.2 3.5 2.8

By comparing the A 0535+26 reconstructed beam pattern {iigith the models in Fig. 9,
it can be seen that the shape of the models reproduce welhtipe 0f the reconstructed beam
pattern. We can estimate the half-opening angle and colhinkness to bery = 0.2rad~ 115°
and ag — a; = 0.06radv 3.4°. Those are preliminary results from an ongoing work that taél
presented in [23].

4. Summary and conclusions

In this work results from spectral and timing analysis of A38%26 during a flare that took
place in the rise to the peak of the August/September 200 alosutburst compared to the rest
of the outburst have been summarized. The differences aatén the pulse profiles and in the
cyclotron energy can be explained with magnetospherialnilgies that develop in the onset of the
accretion. Those results and interpretation can be foufitRinand [13] respectively.

11
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In the second part of the work, a decomposition analysis bas bpplied to the A 0535+26
energy-dependent pulse profiles. A dipole magnetic fieldssiiaed with axisymmetric emission
regions. The asymmetry in the total pulse profiles is expliwith a small offset from one of
the magnetic poles from the antipodal position. We find a jglyly acceptable decomposition
of the pulse profiles that allows to extract information oa geometry of the pulsar. We obtain
©; =~ 50° and®, =~ 130 for the position of the magnetic poles, and an offsedef 25°. The
visible section of the beam pattern has been reconstruEiest.results from a geometrical model
of hollow column that includes the formation of a halo areduseinterpret the main features of
the reconstructed beam pattern of A 0535+26. Further detdlill be presented in [23].
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