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ABSTRACT

We present an analysis of the Vela- X “off-states” based ofiuzaku observations taken in June 2008. Defined as states in wréch th
flux suddenly decreases below the instrumental sensijtihigse “df-states” have been interpreted by several authors as tle¢ @hs
the “propeller regime”. For the first time ever, however, walfthat the source does not turff and, although the flux drops by a
factor of 20 during the three recordedT*states”, pulsations are still observed. The spectrumlaagtlse profiles of the ‘fb-states”
are also presented. We discuss our findings in the framewfoitkeo‘gated accretion” scenario and conclude that mostylikee
residual flux is due to the accretion of matter leaking thiotige magnetosphere by means of Kelvin-Helmholz instésligkHI).

Key words. pulsars: individual: — stars: neutron — stars: binaries

1. Introduction An alternative “gated accretion” scenario to explain the fla
ing activity of SFXTs was proposed by Grebenev & Sunyaev

Vela X—1 is a persistently active high-mass X-ray binary sy&007) and Bozzo et al. (2008), who suggested that the obderv
tem (HMXB) consisting of a massive neutron star (Mg luminosity swings may be associated to the transition betwe
lQuaintrell et all 2003) and a B0.5Ib type super giant HD 7758lifferent accretion regimes, i.e. to théfdient ways the plasma

with mass of~ 23M, and radius of- 30R, (van Kerkwijk et al. enters the magnetosphere. Itis the interaction of theingtatu-
[1995). The average X-ray luminosity of the pulsag, ~ 4 x ton stars magnetosphere with the plasma that mediatescthe

10°%ergs st is explained well by the mass-loss rate of the Opf;_retlon rate. When the magnetospheric boundary is striveg, t
cal companion of 10M, yr* (N . 1986), assumindnatter accumulates close to the_magngtpsphenc boundla_hgz. I
a simple wind mode@ﬂ%@sewed{erﬁfowh of the magnetospheric instabilities renders theidrar
nal wind velocity of~ 1100kms* (Watanabe et al. 2006). The.transpba(eﬂt,ffhe atg:gmulatgd mlatte_(r:i can a:‘:cre;[](.e, thereby_cp
neutron star is eclipsed by the optical companion everytairbi'nd @ bright flare. Observational evidence for this scenams
cycle of~ 8.964d W%ﬁs . The spin period ofeported by Bozzo et al. (2008) and Grebenev (2010).

the neutron staPs ~ 2835s 5), has remained In this work we report on the analysis of the June 2008
almost constant since this discovery. The X-ray spectrum 8fzaku observation of Vela X1. We focus on the three tb
Vela X-1 is described well by a cutbpower law Iﬂ_%mgﬁlal,states” detected in the observation. To our knowledge inés t
[1986). Cyclotron resonance scattering features have beenfirst time that this type of activity has been observed withiran
ported at~ 25 (Makishima & Mihara 1992) and 50— 55keV strument sensitive enough to constrain the flux in thé-&ate”,
(Kendziorra et dl._1992), although the feature at 25keVilk stto detect pulsations, and to perform the spectral and putsie

debated[(Orlandini 2006). analysis.

We conclude that the accretion still proceeds during th& “o

The source is strongly variable with an average X-ray UMizes”, although at a much lower rate. We discuss our rigsult
I%?f@?f x 10%%rgs* (assuming a distance of 2kpc, iho framework of the “gated accretion” scenafio (Burnarallet
9). Aside from the usual flaring activity simiteare [1983; Bozzo et dl. 2008) mentioned above. The abrupt dezreas
one observed in other wind-accreting pulsars, abrustates”, ;, the accretion rate during the flestates” may then be ex-

in which the source becomes undetectable for several pafse | inaq if the magnetospheric boundary becomes stable with
ods, and “giant flares” characterized by an increase in tixaufiu pect to Rayleigh—Taylor instability, but some mattell st

to a factor of 20 have been observed (Kreykenbohm blﬁuzo@iks because the magnetosphere is still unstable witlecesp
Both phenomena are not unusual for VelaX although prob- g Kelvin-Helmholz instabilities (KHI).

ably neither has a periodic natute (Kreykenbohm et al. 1200

The giant flares of Vela X1 have been compared to those seen

in Super Fast X-ray Transients (SFXTs, Walter & Zurita Heras

[2007), and may be connected to the clumpy structure of thé.wip, Data analysis and results

In this scenario the wind velocity and the density fluctuatio

are responsible for the luminosity swings: flares would Is®asThe observation we rely on is-a 100ks longSuzaku obser-
ciated with the accretion of particularly massive wind chsn vation (ID 403045010), performed on June 17-18, 2008, about
whereas “@-states” can be explained with the onset of the ceh6 d after the eclipse and close to the periastron passae of
trifugal barrier (lllarionov & Sunyaev 1975), triggered Aylrop  source (orbital phase 0 — 0.16). The data was reduced using
in wind densityvelocity (Kreykenbohm [. 2008). the HEADAS 6.9 with CALDB version 20100812.
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Timing analysis. To improve the quality of the statistics, dataof a more detailed spectral analysis, including phasehredo
from all three XIS units were combined. The lightcurve of thepectra, will be published elsewhere.

observation in the range 0.4-12 keV is presented in[Fig. ie6h It is interesting to note that the fistate” spectrum diers
“off-state” episodes, shown in the upper panels of[Big. 1, are obnsiderably from the spectrum observed during the edipse
served. As reported in literature (Inoue et al. 1984; Lapsi@l when it is dominated by emission-lines_(Watanabe Et al. [p006
[1992;[ Kreykenbohm et al. 1999, 2008), during thef-states” originating in the surrounding plasma illuminated by theays

the sources’ flux drops abruptly and recovers after seveilaep emitted by the eclipsed pulsar.

periods. Marginal evidence of a residual pulsed emissisirea
ported bﬂﬁ@élm@ based Temma data. With the un- . . .
precedented sensitivity &izaku not only we do unambiguously 3. Interpretation and discussion

confirm these findings but we can also study th&-States” in  First, we would like to summarize the observed propertigh®f
detail. source in its “df-state”

Using the phase-connection technique (Staubert et al})2009 The flux drops by a factor of ten or more on a timescale com-
and assuming the ephemeris/by Kreykenbohmlet al. (2008), we Parable to the pulse period. The source remaiis for sev-

determined the pulse period to Bg = 283473(4). All uncer- eral pulse periods, and then the flux is restored to the previ-
tainties quoted are aticonfidence level unless stated otherwise. 0Us level on the same short timescale. )

The marginal evidence of spin-up is not statistically sigant ~ — Vela X-1is observed to pulsate in theffestate”. No pulse
and may be attributed to the uncertainty of the orbital patans. ~ frequency change has been detected in tiestate”.

No change in the pulse period inffestates” could be measured. — A drastic change in the shape of the pulse profile shape ap-
Based on the obtained timing solution, we constructed grerg Pears at high energies. The narrow dip at pulse pka&e5,
resolved pulse profiles for the entire observation and fet - seen in the profiles of the normal state at all energy ranges
states” by combining all three episodes. As can be seenifdFig  @s well as in the “i-state” profiles at lower energies, is sub-
the pulse profiles vary significantly with both energy andilum ~ stituted by a prominent peak in theffestate” profile at hard

nosity. Very remarkable is the change around phase75 at energies (20-60) keV. This leads to a significant increase in
hard energies (20-60 keV) between the normal and tHestate” the fraction of the pulsed emission in the hard energy range
profile. for the “off-states”.

The flux distributions of the normal and ffestates” are sig-
nificantly different. The overall distribution is composed of
two approximately lognormal peaks.

Although poorly constrained at high energies, the spectrum
changes significantly during theflestate”. The temperature

of the Comptonizing medium increases, whereas the optical
depth decreases. No CRSF is required by the data, although
the statistics at high energies does not allow us to rule out
the presence of a CRSF completely, especially if the CRSF
is shifted to higher energies. The absorption correctedfiux
0.4-70keV energy range is 5 x 10-%rgs cm? s, which
corresponds to a luminosity of 2.4 x 10%°ergss? for a
distance of 2 kpc.

. ' The observed pulsations, the luminosity and the hard sjpactr
Spectral analysis We first analyzed the average spectrum of th@r the “off-states” can only be explained if the emission is pow-

“entlre obfervann to establish a baselln_e for the_anadysme ered by the accretion of plasma onto the magnetized neutron
off-state” data. Several phenomenological continua, based 40, The ahsence of emission lines in thé-state” spectrum
tEe models reported in I|fterr]ature for Vﬁllarx' V‘f’eLe used tg fl't strongly suggests that the source is not eclipsed, butsidsg-
the average spectrum of the source. None of these models Wag<an intrinsic drop in luminosity, hence in the acavatrate.
able to describe the broad-band 0.4-70keV spectrum. IlCParype imescale of the state transition makes flidilt, as argued
ular, the spectrum below 5keV is poorly described by d?ﬁt-ooy Krevkenbohm I[(2008), to explain the onset of the-“o
power-law models. states” with a sudden decrease in wind density/@naelocity,

We used two components to model the continuum, combamnd suggests a magnetospheric origin of the state tramsitio
ing a Comptonization model by Titarchuk et al. (1996) and a This agrees with the observed flux distribution. If thef“o
power law. Photoelectric absorption at lower energies, m-nustates” were due to drops in the wind density, one would expec
ber of emission lines, and an iron absorption edge at.26 them to contribute to the lower-fluail of the normal flux dis-
(Nagase et al. 1986) were also necessary to fit our data. Twibution. On the contrary, they form a distinct low-flprak as
CRSF harmonics were also required by the fit and were modelguserved in Fid.]3. The lognormal flux distribution is mokelyy
using a multiplicative Gaussian profile. The best-fit parmse caused, as discussed@OlO), by the “griridih
are summarized in Tablg 1. The quality of the statisticsds sia clumpy wind by the magnetosphere, while changes in the dis-
nificantly lower for the “df-state” data, so a simpler model wadribution parameters may be associated with changes in alye w
used in this case: an absorbed Comptonization model with tie magnetosphere-plasma interaction proceeds.
addition of an iron absorption edge. No other spectral featu  As discussed by Burnard etl&l. (1983), plasma generally en-
were required by the fit. The results of the best fit are preskint ters the magnetosphere of accreting pulsars accordingrto va
Table[1, and the best-fit spectra and the fit residuals arersiowous instabilities. These authors also conclude that, ferat-
Fig.[4. The average absorption-corrected flux in the 0.4e€X0 k served luminosities and spin-periods typical of brightrating
energy range was 3.8 x 107°erg s* for the complete observa-pulsars, the plasma mainly penetrates the magnetosploricib
tion and~ 5x 10 %erg s? for the “off-state” spectrum. Resultsary via Rayleigh—Taylor instabilities. If the accretionteale-

We also investigated the flux distribution of the source fol-
lowing the approach of First etlal. (2010), who shows that
the flux distribution is approximately lognormal based on_
INTEGRAL data. Although the lognormal distribution generally
describes our data, an excess appears at low count rate8Fig
This excess is due to theflestates”. The flux distribution of the
“off-states” is still approximately lognormal (Figl 3) butfeis
considerably from the distribution of the rest of the ligimee. It
is the “off-states” component that mostly contributes to the low-
countrate flank seen in the overall flux histogram. Implimadi
of this finding are discussed below.
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Toc KT. Tc Acomp NH r Ar Ecyc25 Ocyc25  Toyg25 Ecy(;50 Ocyc50  Tcyc50
O 0.98(2) 7.97(3) 15(2) 0.07(2) 1.45(8) 32(3) 007(2) 6.9 7(1) 0.3(1) 55(3) 13@) L.7(0)
“Off” 0.83(8) 21.0(1) #, <003 1.4(1)

Table 1.Best-fit parameters of the normal andi*states” spectra with uncertainties at ¢onfidence.
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Fig. 1. Observation-long lightcurve in the 0.4-12keV energy rangiag data from all XIS units is shown in the bottom panel. The
upper panels show close-up views of the three detedfestates. Here, the time axis is ticked every pulse period.
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Fig. 2. Pulse profiles in four dierent energy ranges are shown for the normal (upper pamelthea “di-state” (bottom panels).

creases, the rotating magnetosphere will inhibit acanetim the KHI unstable layer (Burnard etlal. 1983), aPggss is the
Rayleigh—Taylor, therefore, for low-luminosity pulsargtwin- spin-period in units of 283.5s. We assume a canonical neutro
termediate rotation rates, the KHI accretion channel dates star radius oRys ~ 10 km. In the case of Vela X1, for the ob-
(Burnard et all. 1983). served “df-state” luminosity of~ 2.4 x 10*°erg s, a magnetic
The ways through which the plasma can penetrate the mhgid of B > 2 x 103G is required, if the KHI unstable layer is
netosphere have been reviewed more recently by Bozzo etalhatively thin fi ~ 0.05), orB ~ 10*G, if h ~ 1, as suggested
(2008), who also provide estimates for the leak rates obuari by[Burnard et al[(1983).
mechanisms. For a system with parameters similar to Vela X gyidence of such a high magnetic field in Vela-X sur-

in “off-state”, the h'hheSt rate is expected to be provided by Kigisingly stronger than the one estimated from the CRSFggmer
(see section 3.2.2 0 0 ef al. for the details). The &@ictre 5re extensively discussed in Doroshenko ef al. (2010bj e
luminosity is estimated in this case to be wish only to point out that the discrepancy still can be aear
Lin ~ GMnsMi /Rus = if the line formation region is located several kilometebeee
\/T,O th_e ne_utroP ﬁtar surfai:e. In fazt, f(i{)gtge av?rage obsenved |
5 3/2_VPilPe -1 minosity of the normal statey 4 x ergs-, one expects
74x10 UKHR'%“O(l + 16Re10/(SRui0) 1+ pi/pe g s that an accretion column with height up 4010 km will arise
(Lyubarsky & Sunyaev 1988; Doroshenko ef al. 2010a). This im
diﬂges afactor of ten decrease in field strength at top of theneo
g diven thatB ~ Bo((Rus + 10)/Rus)~® ~ 0.1Bq. It is therefore suf-
icient to assume that the accretion column exists and tkailth
served CRSF forms closer to the top of the column to reconcile
the strong magnetic field required by the observefi-$tates”

Here Rs10 and Ry1o are the capture and magnetosphere ra
respectively, in units of 2§ cm; p; ¢ are the densities within an
outside of the magnetosphere. According to Bozzo!

nku ~ 0.1 and the density ratio is estimated to be between

[0/ pe  nkw hflRf/{foPQz;sas luminosity and the measured CRSF centroid energy.
1+pi/pe O~177KHh_1R,%/{fOV8 The observed change in the high-energy pulse profile is ex-

plained under the assumption that an accretion column aees i
whereh is the fractional height of the area where the plasndeed exist. The sharp dip, evident at high luminosity antesof
and the magnetic field coexist, in units of the total thicknet energies, would then be due to the eclipse of the polar cap by
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Fig.3. Histogram of the measured count-rate of the XIS
lightcurve (solid line). The same is shown for thé&-states 107
(shaded) and for the rest of the lightcurve separately.

the accretion column. As the luminosity drops and the column -
ceases to exist, the hard X-rays can pierce through and the p 4
lar cap is observed directly: a pronounced peak is obsernved i ‘“2{ %
2
4

stead of a dip. In other words, the high-amplitude peak, Wwhic -
appears in the “f-state” pulse profile at hard energies around

pulse phase 0.75 can be attributed to the direct emission fro ‘2* C
the polar cap. In this scenario, the accretion stream wdilld s S or
absorb the soft X-rays so the dip is still observed at loweren ﬁ C
gies. A similar scenario is discussed|by Klochkov etlal. £00 s
to explain the pulse profile variations of EXO 203¥5 during o oL
outbursts. Jor
2 -
4 -
4. Conclusions 10 10.0
Energy, keV

We presented an analysis of theff‘states” of Vela X1 ob- _ .,

served during a 100 Kazaku observation of the source. For the"19- 4. Unfolded spectrum of the normal andffstates”. For the
first time ever, we have been able to study and characterize fiprmal spectrum XISO and HXD PIN data were used. For the
properties of Vela %1 during the so-called ‘fb-states”, detect- off” spectrum _data from _aII XIS units were combined to obtain
ing pulsations and measuring the spectrum and flux distabut & arger statistics. Best-fit residuals are also shown fropria

We also confirm the presence of a CRSF at 25 keV in the nornp@ttom for: the normal state without CRSF; with the inclused
state of the source. We conclude that these observationztse @ CRSF at 55keV; with the inclusion of two CRSFs, and, even-
strongly suggest that the emission is still powered by aicere tually, for the “df-state” spectrum.

and that the drop in luminosity has a magnetospheric origie.

observed X-ray luminOSity of the fbstate” may be natura”y Doroshenko, V., Santangelo, A., Suleimanov, V., et al. 202&A, 515, A10

explained in the gated accretion scenario originall Doroshenko, V., Suleimanov, V., Santangelo, A. 2010b, stibdo A&A
l. 3) and recently investigated etFurst, F., Kreykenbohm, 1., Pottschmidt, K., et al. 201844519, A37
2008), if the neutron star is strongly magnetized and thenpéa Gogus, E., Kreykenbohm, 1., & Belloni, T. M. 2011, A&A25

enters the magnetosphere via Kelvin-Helmholz instaéitiTo gigzgg g 2- éoéﬁhiy';:fsrgef\”%"g?kfé?r%?fﬁg Letters 128
our knowledge this is the first time that the theoretical ud:-nsmarionov’ A F. & Sunyaev, R. A. 1975, A&A, 39, 185 ’

erations of magnetosphere-plasma interactions propaséat' s inoue, H., Ogawara, Y., Waki, I., et al. 1984, PASJ, 36, 709
(Burnard et al!_1983; Bozzo etlal. 2008) find an observatiordndziorra, E., Mony, B., Kretschmar, P., et al. 1992, in MAGonf. 3137, 217
confirmation. Same interpretation m|ght app|y to severhbpt Klochkov, D., Santangelo, A., Staubert, R., & Ferrigno, @08, A&A, 491, 833

. . P _; " Kreykenbohm, I., Kretschmar, P., Wilms, J., et al. 1999, A&A1, 141
sources for which episodes similar to thdf“states” observed Kreykenbohm, 1., Wilms, J., Kretschmar. P.. et al. 2008, A&A2. 511

in Vela X-1 have been reporteU_(MaLe_ﬂ b|_ZDD_5_,_G_OQlLS_|e'[ pshov, I. Y., Syunyaev, R. A., Chichkov, M. A,, et al. 199%¢. Ast. L., 18
2011). Lyubarsky, Y. E. & Sunyaev, R. A. 1988, Pis’'ma Astron. Zh., 920
Makishima, K. & Mihara, T. 1992, Yamada Conference XXVIlbgt
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