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ABSTRACT

Context. The current generation of X-ray satellites has discoveradymew X-ray sources that areffetult to classify within the
well-described subclasses. The hard X-ray source IGR BEBBAB? is a peculiar transient, displaying very short X-raybarsts
every 165 days.

Aims. To characterise the source, we obtained high-resolutiectsp of the optical counterpart, HD 306414, afatient epochs,
spanning a total of three months, before and around the 28bfugry outburst with the combined aims of deriving itsastiysical
parameters and searching for orbital modulation.

Methods. We fit model atmospheres generated withithwino code to the spectrum, and used the interstellar lines ingbetsim
to estimate its distance. We also cross-correlated eadhidodl spectrum to the best-fit model to derive radial viles.

Results. From its spectral features, we classify HD 306414 as BOBriam the model fit, we find s ~ 24 700 K and logy ~ 2.7, in
good agreement with the morphological classification. f¢ie interstellar lines in its spectrum, we estimate a destdo HD 306414
d 2 7 kpc. Assuming this distance, we derRe~ 40 Ry andMgpect~ 30 M (consistent, within errors, witMeyo ~ 38 M@, and in
good agreement with calibrations for the spectral typealysis of the radial velocity curve reveals that radial eitpchanges are
not dominated by the orbital motion, and provide an uppett lim the semi-amplitude for the optical compongf; < 11+6kms™.
Large variations in the depth and shape of photospheris Boggest the presence of strong pulsations, which may beaimecause
of the radial velocity changes. Very significant variatiomscorrelated with those of the photospheric lines are sethe shape and
position of the K emission feature around the time of the X-ray outburst, égd excursions are also observed at other times.
Conclusions. HD 306414 is a normal BO.5 la supergiant. Its radial velocitgve is dominated by arffect that is diferent from binary
motion, and is most likely stellar pulsations. The datalatdé suggest that the X-ray outbursts are caused by the pessage of the
neutron star in a very eccentric orbit, perhaps leadingdalised mass outflow.

Key words. stars: binaries: close - stars: evolution - stars: indigldbllD 306414 - stars: pulsars - stars: supergiants - X-Istgss -
X-rays: individual: IGR J112155952

1. Introduction is @ magnetised neutron star. The X-ray spectra are typical o
high-mass X-ray binary.

Outside the outbursts, the X-ray luminosity has been ob-
thserved to be below the detection limit 8ift, roughly cor-
sesponding toLx < 5 x 10* ergs? at the distance assumed
'Romano et al._ 2007). Seven outbursts were reported between

03 and 2008, all happening at the recurrence time. No detec
r%ié)ns outside these outbursts are reported.

The counterpart, HD 306414, has not been studied in de-
tail. It was classified as a B1 la supergiant (Vijapurkar &IIDrg
1993), and the scarce photometry available in the liteeadoes

The hard X-ray transient IGR J11245952 was discovered
by the INTEGRAL satellite [(Lubinskiet al! 2005). ASwift
localisation confirmed its unambiguous identification ae
bright B-type supergiant HD 306414 (Romano et/al. 200
IGR J112155952 has been observed to present a number
short X-ray outbursts, separated by long intervals of qgirse,

with a recurrence time of 164.6 d (Romano et al. 2009). Duri
each outburst, the source is detected<$o8 d. The outbursts
appear to have a recurrent structure, consisting of a feest ai

bright peak (reachingy ~ 10°¢erg s for the assumed distance ; -
ght peak ( Bx 9 not suggest strong photometric variability (Negueruek et

of 6.2 kpc) that may last only 1 d each cycle, and a grad- ) X . .
ual decay. However, the X-ray emission during the decay See%(l)OE)). The X-ray behaviour of the source, characterised-by i

to consist of many flares superimposed and the sparse cawetrﬁ’#lmar flaring, seems typical of neutron stars accretiomfthe

d t it ruli t that fth h similaidumvmd of a superg_iant. Because of the regular outbursts aiid la
0©S NOT permit LMY Ol Tat SomE o e reach simiiami f detection outside them, IGR J11235D52 has been classed as

i ; L2l . i
nosity to the peak (Romano et al. 2009). During the flares, plEﬂlsupergiant fast X-ray transient (SFXT; Romano &t al. 2089)

sations aPs = 187 s are seen, indicating that the compact obje%W of these objects show similar behaviour, displayindqz

* Based on observations collected at the European Southéwitbursts (e.g. IGR J18488311;Romano et al. 2010), though
Observatory, La Silla, Chile (ESO 078.D-0172) others seem to flare at irregular intervals, even if sometalrbi
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modulation of the X-ray emission is present. The recurreyice Table 1. Log of observations of high-resolution spectra sorted
outbursts at fixed intervals is widely interpreted as a digeeof by date.
the orbital period, while the lack of X-ray emission outsilese
outbursts argues for an eccentric orbit.

In this paper, we try to improve our understanding of

IGR J112155952 by studying in detail its optical counterpart, Number Date MJD
HD 306414. In Sect. 2, we present our observational dataset. 1 0312/2006 7:52:00 54072.33
Sect. 3, we fit the spectrum with a model atmosphere to deter- 2 1%/12/2006 5:41:00 54080.24
mine the stellar parameters. In Sect. 4, we discuss thel raia 3 1512/2006 6:34:00 54084.27
locity variations seen in the spectrum. Finally, in Sectané 6, g ggi%ggg 22288 gjggégg
\c,:\:ﬁsoilé)sr?suss the implications of these results and draw some co 6 1701/2007 3-30:00 54117.15

) 7 0502/2007 8:50:00 54136.37

8 17/02/2007 4:39:00 54142.19
2. Observations and description of the spectrum 20 %8%88; %;gg;gg gﬂj‘;’:%
Spectra of HD 306414 were obtained with theos instru- 11 16022007 2:40:00  54147.11
ment mounted on the ESMPG 2.2 m telescope, located at ig %%ggggg ;jg%jig gjgg?'ﬁ
the European Southern Observatory (ESO) in La Silla (Chile) 14 13052009 2:09:00 54964.09
Observations were obtained on eleven dates irregularlyespa - '
between December 2006 and February 2007. Two additional
FEROS Spectra were taken in March 2009, with another one taken
in May 2009 using the same instrumentation. The 14 spec prerrprrerprrrrpr e e e e
were bias subtracted, flatfield corrected, extracted usiagp- - o
timum mode and wavelength calibrated using the standad 8 3 5 3 o
Midas pipeline. The spectra are characterised by a very wié 1.2 3 g & 3 8
spectral coverage, going fror8500A to ~9200A, and a re- = - E S = s ®
id id e

solving powerR ~ 48000. The 39 échelle orders are blazed
corrected and merged into a single spectrum by the pipdiime. *
complete log of observations is given in Table 1.

The classification region of a typical spectrum is shown i
Fig.[d, corresponding to the Dec 22, 2006 observation, with | 0.8
bels providing line identification. The remainder of thecpem
is not shown (except for selected regions in Figltés 2, 3nd
as there are very few stellar features present, and theysae-a 0.6 Lo b b o b Ly
pected for the spectral type derived below (see Neguertiala e 5920 5940 5960 5980 6000 6020 6
2010 for a description of typical features). The spectrg shbw wavelength (A
variability in the Hr and H3 lines. Hr is always in emission, but _. . : . o
the line s):wws variation?i)oth in shape andycentroid pos(tiee Fig. 2. The Feamn lines of multiplets 115 and 117 in emission in
Sect[3.6). Igis regularly in absorption, but occasionally showghe spectrum of HD 306414.
emission components, as in the spectrum shown in[FFig. 1. The

absorption spectral features correspond to an early BGI#l&] goen in emission in the spectra of very luminous supergiants

with Hrand Ha lines showing similar intensities and many naigyqf g Stah| (1985) proposed that their presence in emission
row lines of ionised metals, most notablyiON i1 and Siui/1v.

could be used to discriminate between normal B supergiants
and B hypergiants. However, HD 306414 is not a hypergiant, as

normaliz
[2=Y
T
i.s %
|

N II: 5931.79
N 1I: 5941.65

3 Results shown by the fact that He4387 A is stronger than Si 4553 A
(Walborn et al. 1990, and Figl 1). Indeed, we find thenAmes
3.1. Spectral classification in emission in the spectra of several early-B supergianisni

sity class la in the UVES POP database (Bagnulolet all 2003)
eir presence in the spectrum of HD 306414 representstdirec
nfirmation of its high luminosity.

HD 306414 has previously been classified as Bl la. For eaﬁlﬁ
B stars, the main temperature diagnostic is the ratio betwego
the Sim 4553 A and Siv 4089 A lines. In our case, the relative

strengths are very similar, placing HD 306414 between spec-
tral types B0.5 and B0.7. The hie4686 A line is very weakly 3.2. Interstellar lines and distance estimation

present, and He 4200 & 4541 A are hardly detectable, corrobyye ysed the interstellar lines in the spectrum of HD 306414
orating that the star lies in this spectral range. Luminoséin- 1 stdy the radial velocity distribution of interstellarate-
sitive ratios, like that of Siv 4116 A to Ha 4121A, support a rial along its line of sight. We calculated the velocity cal
high luminosity, with the intensity of the @lines, and the ratio ith respect to the local standard of rest (LSR) by assuming
of Sim 4553 A to Ha 4388 A favouring a la class. that the Sun’s motion with respect to the LSR corresponds to
Therefore we adopt a spectral type B0.5la, though noting 6.6 km s towards Galactic coordinatés: 53°; b = +25°.

that the star is slightly later than the standar@ri. Apart from In Fig.[3, we show the interstellar N® lines; both present
Ha, the most remarkable spectral features outside the rangentical morphologies, with two well-separated compdsen
shown are the Fa lines of multiplets 115 and 117 in emis-Other interstellar lines, such as the i€K & H doublet, have
sion between 5920 and 6032A (see Hijj. 2). These lines ame almost identical structure. Therk7699 A line, which is
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Fig.1. Spectrum of HD 306414 covering from 3950 A till 5000 A. We shilentifications for Balmer and Heas well as the
strongest lines of Sii, Sitv, O, Nu and Nm. The spectral region selected to determine radial ve&xtitia cross-correlation is
highlighted.

not saturated, has very similar edge velocities. In the Na negative velocities, reaching45 kms?, which do not agree
lines, the wider component is centred a0 kms* and the with the model prediction. The interstellar lines in HD 3084
narrower component is centred eri4 kms?!. The total line show components at similarly high negative velocities Iivitite
width at half height isx 42 kms?. Both lines have the samehalf-depth edge at21 km s and a component reaching almost
wing profiles, but the D2 line is more saturated than D1. l35kms?), indicating that the star is located at a larger distance.
Fig.[3, we also show the Galactic rotation curve in the diretn particular, the star must be more distant than two largieco
tion to HD 3064141 = 29189,b = +1207), computed assum- ular clouds (288.51.5 and 291.50.8) at a distancd ~ 3.3 kpc

ing circular Galactic rotation and adopting the rotatiomeuof (Cohen et al. 1985).

Brand & Blitz (1993), with a circular rotation velocity atefpo- The far intersection with the Sagittarius-Carina arm (olets
sition of the Sundcc = 8.5 kpc) of 220 kmst. Along this line the solar circle) results in CO emission at positive LSR eities

of sight, LSR velocities start at small negative values aed b(Cohen et al. 1985). The star HD 97253, located at 2.5 kpc
come more negative with distance until reaching a minimum @908, +021), only shows negative radial velocities in its inter-
-185 kms (at a Galactocentric distance of 7.9 kpc, 3.2 kpstellar Na lines (which are otherwise very similar to those of
away from the Sun). From then on, radial velocities increastD 306414; cfl Hunter et al. 2006), suggesting that the pasit
with distance, becoming positive at a distance of 6.5 kpmfrocomponents in the interstellar spectrum of HD 306414 are not
the Sun. produced by clouds very close to the $Lithough Cohen et al.

The line of sight in the direction to HD 306414 passes firét985) do not identify any large cloud producing absorption

through the Southern Coalsack (distance about 170 pc), bné§Se to HD 30641141 this absorption edge (reaching values as
the most prominent dark nebulae in the southern Milky Wajigh as+21 kms~) must be produced at large distances. In

3 S . :
(Nyman et al. 1998), which is responsible for the strong aby Other nearby stars have similar interstellar lines. HD @753

sorption at low (negative) velocities. It then follows afpthe 9595 _ 724), located at about 3.9 keic (Dambis 1991), only displays
Sagittarius-Carina spiral arm, which is seen almost tati@n  pegative velocities. HD 94910 (AG Car: 289—0:70), located at a
The first intersection with the arm takes place betweg® and gistance~ 6 kpc [Hoekzema et BI. 1992; Humphreys éf al. 1989) also
2.5 kpc. The longitude-velocity diagram of CO emission inteshows very similar interstellar lines, but the long wavelinedge is
grated over latitude (Cohen etjal. 1985) shows CO emissitin waffected by the presence of stellar emission components.
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Fig. 3. Left panel: Interstellar Na D doublet (5889.953 A full line, 5895.923 A dashed line) of HB6414Right panel: Radial
velocity with respect to the local standard of rest (LSR) tlu&alactic rotation as a function of distance.

view of this, we conclude that HD 306414 must be located drable 2. Stellar parameters derived from the model fit (upper
the near side of the second intersection with the Sagittaripanel) and calculated using the photometry of Klare & Neckel
Carina arm, at a distance not less than, and perhaps slightly  (1977) and assumingj= 7.0 kpc (lower panel).

than, 7 kpc. The nearby massive open cluster NGC 3603%291

—-0?4) has a distarl1c_e estimate o6 kpc [Me!ena etal. _2008) an_d Tar (16°K) 242410
Visr = +14 km s+, in good agreement with the radial velocity logg 27401
curve model. vsini (kms?) 50
Uu-B -1.00

3.3. Spectrum modelling 5 :\F/Q :8%
To calculate the stellar parameters, we used the caslevixp d(kpc) 7+1
(an acronym for Fast Analysis of STellar atmospheres with v -71+03
WINDs; [Puls et dl. 2005; Santaloya-Rey et al. 199 &}r#np log(L./Lo) 5.68+0.14
is a spherical non-LTE model atmosphere code with mass loss. R./Ro 2401 S
The analysis is based on visual fitting of hydrogen Balmer and lM*/,':A.A@ I 5971’ 1(?3
Simy/wv lines (seé Castro etlal. 2012, for additional details). With og(M) (Moyr=) ~ -5.7+0.

; : Voo (kms?) 1230
the stellar parameters obtained from the analysis, we geater
a synthetic spectrum, which will be the template used for the @ Assumed.
determination of radial velocities through the cross-elation
method. too weak at this spectral type. The Mg abundance was also ob-

We used as a rgference the spectrum observeq on Decenfg)ﬁred from one line (Mg 4481 A), but its value is consistent
15th, 2006. As a first step we estimated the rotational vBIOC|,is, the Sj abundance. The N and O abundances were obtained
of the star, using t?e methoq of Simon-Diaz & Herrero (‘3007by fitting a large number of lines. Not all the transitions iared-
asVir = 50 kms=. With this vior, @ macroturbulence value g yyith the same accuracy, but the values derived seem con
Vmac = 80 kms™ is needed to reproduce the profiles. The begjgiont Based on them, the star seems to be slightly N-eetian

fit is obtained forTeg = 24700 K, logg = 2.7. The tempera- P PR ;
ture is slightly cooler than obtained for other BO.5 la sjeants suggesting little evolution, in agreement with the He alzmnue.

(Markova & Puls 2008;_Crowther etlal. 2006), but hotter than
that of BO.7 la stars_(Crowther et/al. 2006), in good agreemeh4. Extinction and stellar parameters
with the spectral classification. The surface gravity isagpof
the luminosity class.

The mass loss rate was determined from the fit to the
line and must be considered approximate, as the line shaws s

variability. The value derived depends g, which, in the ab- {éom 2MASS [(Skrutskie et al. 2006). These data were used as

sence of ultraviolet spectra, must be assumed to be thealypm ut for they? code for parameterized modelling and character-
value for the spectral type. The wind was modelled withoutco. P g b g

Cy . ; : tion of photometry and spectroscogprizos implemented
sidering clumping. Model parameters are listed in Table 2. ISaton — s Lo r
The He relative abundance= 0.13 + 0.03 is very slightly byMaiz-Apellaniz|(2004), which fits dierent extinction laws to

X : : . the data and determines the valuefR@&ndE(B - V) that pro-
above s_olar, suggesting I|ttle_ chemical evolution. Frora thduce best fits. From the fit, we obtain as most likely pararseter
model fits, we derived chemical abundances for the spec[gs’ 4.2, Ay = 3.00,E(B - V) = 0.70. The value oR s rather
present in the spectrum. The values obtained are displayed’i <"V = =~ T

Table[3. The C abundance is very inaccurate, because it is de-Note that theU BV photometry of Drilling (1991) shows excellent
rived from only one line (G 4267 A), as Gi 6578, 6582 A are agreement with that 6f Klare & Neckeél (1977).

The combination of accurate stellar parameters with a broad
|_§pectral energy distribution allows a good determinatibthe
extinction law and reddening. We useiV photometry from
Qne literature (Klare & Neckel 197#) and JHKs photometry
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Table 3. Chemical abundances resulting frexarwino analyses.

6.5

Species log(3H)

60 Si 7.73+0.17
(0] 8.73+0.20

L N 8.42+0.10
950 C 7.74+ 0.44
3 Mg 7.60+ 0.25

50

The lightcurve shows no clear evidence of orbital variabil-
ity. We searched for possible periodicities usingfetient al-
gorithms (Lomb-Scargle periodograms, phase-dispersimn m
ol imisation, cLean) available within theStarlink packageperion
s i s o (Dhillon et al. 2001), without finding any statistically sijcant
LoG T result. Next, we folded the photometric data on the 164.@-d p
riod derived from the X-ray observations. Again, we did not
Fig.4. Hertzsprung-Russell diagram showing the evolutionafind any significant modulation. Short-term variability iepent
tracks without rotation by Schaller et/al. (1992), and thsifian throughout the whole timespan covered by the observations,
of HD 306414. Numbers to the left of the ZAMS indicate initiabut it is likely consistent with the photometric errors, ityadly
mass in solar masses. 0.04 mag, but occasionally as high as 0.08 mag. The average
magnitude remains constant oved yr of observations, with a
standard deviation of 0.04 mag.
high compared to the standard vaRe- 3.1, but well within the
range of values seen alongféirent lines of sight.
Assuming a distancd = 7.0 kpc, a lower limit based on
the estimate in the previous section, the absolute magniftard The strong wind of an early B supergiant magfeat the
the source iMy = -7.1. This value is within the usual rangeshape and centroid of Hand Hea lines. For example,
of magnitudes for early-B supergiants of luminosity claas lan der Meer et al! (2007) studied the radial velocity cuves
(Crowther et all_2006). From this, we calculated the absoluhe optical components in three high-mass X-ray binaribes&
stellar parameters displayed in Table 2. In order to assign fobjects, with spectral types between O8 and BO, exhibit only
mal errors to these values, we assumed conservative effror§ies of Hi, Her and Heur (apart from the Siv 4089 A line).
+1 kpc in the distance. The position of the star in the thecati yan der Meer et al[ (2007) carried out measurements of each in
HR diagram is shown in Fig.]4. The evolutionary tracks fromividual line, finding diferences of a few percent between lines.
Schaller et al. (1992) suggest that the star has just coetplét Fortunately, given its later spectral type, HD 306414 pmese
core burning. Its evolutionary mass (obtained placing taean 3 |arge number of lines corresponding to ionised metalsh Suc
the theoretical tracks) is 3 Mg (present day), correspondinglines are formed in deep photospheric layers, and therefiere
to an initial massViini = 42 Mg. not afected by the wind. We performed preliminary analysis
The spectroscopic mad#s. = 29+ 10Mg is (just) consis- of individual spectral lines to decide which set of lines \bu
tent within the errors with the present-day evolutionarysma be most suitable for measuring radial velocities. When-indi
In many cases, supergiants show a discrepancy between spgfisal metallic lines are measured, the radial velocitiéthiw
troscopic and evolutionary masses (Herrero et al. 1992er®r a given spectrum are consistent, wittffeliences smaller than
2007). In addition, the evolutionary mass compares welhwi4 kms™. As in previous analyses of similar stars, we found
those obtained for la supergiants in the BO-1 range (etfat the best behaviour corresponds to ther Siiplet, which
Crowther et al. 2006; Trundle et/al. 2004). We must note that tpresents very small dispersion between the values for the in
distance to the source may be somewhat higher, allowing fod®&idual lines. However, cross-correlation techniques aell
moderately higher spectroscopic mass. On the other haad, khown to produce more accurate velocities, even for egpg-t
use of evolutionary tracks that take initial rotation int@aunt starsl(Liu et al. 1988), as they make use of all the specti@l-in
(e.g.Ekstrom et al. 2012) would result in a somewhat lower e mation (e.g. Hil 1993).
lutionary mass. In conclusion, all the data available am-co e used the cross-correlation technique, implemented in a
sistent with a present-day mass35 M. We stress that this python program developed by ourselves, to determine ragial
is an evolutionary mass, and thus directly comparable terothocities. Every cross-correlation function (CCF) was sabjto
evolutionary masses (e.g. Crowther €t.al. 2006). The dynampodization and a Gaussian function was fitted to the CCF by
cal masses of some HMXBs are smaller than the masses Cofjging the method of least squares. We chose as a template the
sponding to their spectral types (e.g. van der Meer et alfR00 synthetic spectrum used to fit the observed spectrum in e pr
vious subsection. We cross-correlated every individuatspm
using the 4540-4660A range (marked in [Eig. 1). There are sev-
eral strong reasons to choose this region: firstly, it costéie
A long-term photometric lightcurve is available for HD 3084 Sim triplet, together with a large number ofiCand Nu lines;
from the All Sky Automated Survey ASAS-3 photometric catasecondly, it does not include any IHer Hi lines that could be
logue (Pojmanski 1997). The catalogue contaiAsand obser- affected by the wind; finally, it does not include any significant
vations of HD 306414 between HID 2451880 and 2455170, witkmospheric or interstellar feature that would not paptité of
a total of 629 photometric points. the stellar motion. The resulting velocities are shown inl&&l,

4.5

hiy
o

3.6. Radial velocity curve

3.5. Light curve
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Table 4. Radial velocities corrected to the heliocentric restfrang e T T~ T~ T T T T T
and sorted by phase (with a systemic shif4«@8 kms™* not < , ‘
applied). The last column shows the residuals for the fit & tIU 10 + F kil
orbit shown in Fig[b and discussed in S&ct] 4.2. .

vl

TTTT[TTTT
+H

T T T T T T T T T T T T

20
Number  Phase Vgq(kms?') O-C(kms?)
1 0.00000 -6.42 -6.61 10
2 0.04806 -0.85 -1.70 -
3 0.07255 2.78 1.56 €
12 0.08557 -9.46 -11.00 & o
13 0.09663 -3.10 -4.83 >
4 0.11563 7.64 5.67
5 0.15761 12.23 9.39 1ol + ]
6 0.27233 10.49 3.62 - 12 .
7 0.38911 15.01 0.20 r ]
14 0.41835 -4.15 -3.78 - 3 .
8 0.42447 -6.49 -6.10 201 3 7
9 0.43589 -5.53 -3.65 P S N A R R R
10 0.45430 5.54 8.64 -0.2 0 0.2 0.4 h 0.6 0.8 1 1.2
11 0.45436 4.97 8.07 phase

Fig.5. Radial velocity curve folded on the 164.6-d period de-
rived from the X-ray observations, with phase zero chosdreto

after application of the heliocentric correction. A sysieme- the time of the first observation. The dashed line marks the ti
locity of +2.8 kmst, which was applied to the synthetic specef X-ray peaks. The thick line represents a typical radiécity
trum, is notincluded. Phase zero was chosen to correspahe tocurve for an eccentric orbit with the periastron phase attihie
first radial velocity sorted by date, as we did not wanttoédhe (see Sectiofi 412). The numbers identify the observatiani a
time of periastron passage. The formal error in each indalid Table[1.
measurement is.9kms?.

The persistence of recurrent X-ray outbursts every 164.6 d
strongly suggests that this is the orbital period (Romaradl et wide system as IGR J11215952, except close to periastron) or
2009). Our radial velocity data cannot be used to verify the ppulsations (cf. van Kerkwijk et al. 1995; Quaintrell et/a0(3).
riod, as the 2006—2007 data cover only 75 days (i.e. less thEminvestigate the origin of the variations, we plotted tkiele-
half the periodicity), while the 2009 spectra corresponth® tion of several metallic lines, which are expected to be poed
same phases when folded on this period. The periodicityen teep in the photosphere and nfieated by the stellar wind, find-
X-rays has, however, been observed between 2003 and 201dLvery complex variability. In addition to changes in tre r
(Romano et al. 2011) and almost certainly represents theabrbdial velocity of the centroids, the lines display changeshape
period. In spite of this, when we fold the data on this perioénd depth. An example is shown in Hig. 6, but all metallicdine
the resulting radial velocity curve is not consistent wipec- display similar behaviour. Such changes have been obsérved
tations. For instance, measuremgi®sindf12 were taken at al- other luminous B-type supergiants, and are generallybatet
most the same phase (though offi@lient dates), but show a largeto pulsations (e.g. Ritchie etial. 2009).
difference in radial velocityx 14 kms1). This efect is not due Given the important changes in shape of the lines used for the
to the measurement technique, as illustrated by measutemenoss-correlation, one could worry about the accuracy efth
#10 and11. These two spectra, taken on the same night, resdil velocities measured. In Figl. 7, we plot the cross-dati@n
in measurements identical within the errors, demonsgdtiat functions for the three spectra that were shown in[Hig. 6pltes
the cross-correlation technique is as accurate as the fermoas  of the large diferences in the shapes of the metallic lines, the
indicate. shape of the cross-correlation function is ndéeted, and there-

Moreover, the folded radial velocity curve (Fig. 5) does ndore we conclude that the relative accuracy of the radialcig}
show a shape compatible with orbital modulation. The dispeteterminations is as good as their formal errors.
sion of the measurements is clearly dominated by two large ex The Hu line, the best mass loss tracer in the optical range,
cursions, happening around phase 0.1 and around phased.4al8b shows strong variability in shape and radial velogtyde-
are thus forced to conclude that the radial velocity changesfined by the centroid of the emission component). The changes
the spectrum of HD 306414 are not directly reflecting the dyn radial velocity do not correlate with those of the photosyic
namical motion of the system, but are caused at least in partlimes. This lack of correlation is not unexpected, as thession
some other physicalfiect. We do not believe these changes tiine should be probing the stellar wind. The variations dieté
be due to variations in line profiles associated with thdastel in the Hx line are likely due to structure in the stellar wind. In
wind, because they are measured in high-ionisation lingsh(s some high-mass X-ray binaries with close orbits, the winacst
as the Sin triplet), but also seen in lines like H&471 A, more ture is dfected by the X-rays, and some absorption components
likely to be dfected by the wind. are attributed to an accretion wake (e.g. Kaper et al.|2@&h

A similar effect, with radial velocity variations not reflect-structures are very unlikely to form in IGR J11235D52, be-
ing binary motion, is observed in the HMXB GX3062, which cause X-rays are only emitted over a very small part of thé.orb
contains a very luminous B1 hypergiant (Kaper et al. 2006). In spite of this, as seen in Figl 8, very strong changes in the
Possible explanations are tidal deformation (unlikelyustsa shape of kk took place close to the time of the X-ray outburst
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Fig. 6. Variability in the line profiles of two of the features usec
for the cross correlation, 4591 and 4596 A. The red line is
spectrum 1, the green line is spectrum 3, and the black line
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4. Discussion

e e T IGR J112155952 is a peculiar X-ray source, associated with
300 200 I (kr: a4 100 200 % the class of SFXTs. A neutron star, detected as a transient
Ps = 187 s pulsar, orbits the B0.5 la supergiant HD 306414. The
Fig.7. Top panel: Comparison of the model spectrum withX-ray source is only detected for short timespaaslQ d), but
spectrum 1 in the region used for the cross-correlaBmitom reappears consistently every 164.6 days, strongly suggebkat
panel: Peak of the cross correlation functions for three spectthis is the orbital period (Romano et al. 2011). Because ef th
The spectra chosen are the same ones for which a small fractiery short duty cycle, a very high eccentricity is assumae T
is depicted in Fig.J6. The colour coding is the same as in[Fig. ®asic ideas have so far been proposed to explain its betraviou
Sidoli et al. (2007) speculated on the presence of an equato-
rial disk around the supergiant, with the outbursts being ttu
covered by our observations, which started on Februaryndh ecrossings of the neutron star through this disk. Negueeiedi
had its peak on February 9th (Romano et al. 2009). Thetd- (2008) tried to fit IGR J1121:85952 within a general picture of
file on February 5th clearly shows a much deeper absorptisupergiant X-ray binaries, suggesting that accretion inesdn-
trough than any other spectrum. Meanwhile, the centroithef tefficient when the neutron star is more tharBR, away from
emission features migrates redwards. In contrast, on Bepruthe supergiant, as a consequence of increasing clumpméss i
11th the emission feature had moved bluewards, showingya vetellar wind.
large excursion irvag. By February 13th, the line seems back The presence of a large disk around the supergiant seems
to its typical profile. We must note, however, that a verysiro to be ruled out by the optical observations, as there is no evi
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dence of such a structure in the optical spectra. Tadite, the the photospheric lines. This in turn causes the measuréal rad
best mass-loss tracer in the optical range, shows a momgoleelocity curve to deviate significantly from that expecteaif
and variability typical of early-B supergiants (Fid. 8),dacan Keplerian motion. In all simulations run by Koenigsbergeale
be fit by the model atmosphere, which assumes spherical mg&12), the net fect was to give a radial velocity amplitude
loss. A small disk can perhaps be accommodated, by assuntiigher than expected from pure Keplerian motion, which i tu
that it is outshone by the supergiant, but then the outborstst  would lead to an overestimation of the neutron star mass, as
happen when the neutron star is within the region with a gtropointed out by Quaintrell et al. (2003). Simildfects could also
stellar wind, and the two alternatives become almost iirdist occur in HD 306414, which has an even more eccentric or-
guishable. Another closely related possibility is an eqdat bit, but without detailed modelling of the type carried oyt b
enhancement or focusing of the wind. This possibility hamnbeKoenigsberger et al. (2012), such an assertion remainsigpec
proposed in some similar systems with very luminous compaive.
ions (e.glLin’'t Zand et al. 1998), though no physical mecémni  The radial velocity excursions measured in HD 306414 are
has been proposed to cause this enhancement. not much more extreme than those seen in GP Vel, which can
On the other hand, accretion from a spherical wind, evenrdach~ 12 kms?! (Quaintrell et al. 2003), and are also com-
clumpy, seems unable to reproduce the characteristicedfth patible with the highest values observed in (apparentblated
ray outbursts, such as the very short duration and stronk pesapergiants (Simon-Diaz et al. 2010). It is unclear ifrileatron
(Romano et al._2009; Karino 2010). An abrupt transition betar companion may play a role in exciting the oscillatiortse
tween a region where high accretion rates can be achieved arigit of Vela X-1 is much tighterR,, = 9.0 d), but the ec-
the rest of the orbit, where accretion is suppressed, woeld ¢entricity is almost certainly much smallez & 0.09 in Vela
required. X-1). In a wide, eccentric orbit, the regular passage of thg-n
The optical spectra show a strong change in the morphologyn star through a close periastron could provide a stresg r
of He around the time of the February 2007 periastron passageance fect, exciting non-radial oscillations (Witte & Savonije
As we also see another important change seven weeks beft89). In any case, we must stress that the presence of a nempa
periastron, a direct connection between the changes inl@rofon does not seem necessary to excite strong pulsationla8lyni
and the periastron passage cannot be claimed. The speotral wide excursions have been observed in the extreme B supérgia
phology of HD 306414 indicates a very luminous supergiartiD 50064, which could be related to luminous blue variables
and hence a strong and highly variable mass-loss is expec{@erts et all 2010). They seem to be modulated with a 37 d pe-
The conclusion that changes in radial velocity do not seebetoriod, also detected in the photometry, which is interpretec
dominated by orbital motion, but by some other phenomenaagdial oscillation mode. Strong changes in the depth of ghot
most likely stellar pulsation, adds complication to thellate spheric lines are also seen (Aerts et al. 2010).
mass loss. The possibility of enhanced mass loss close to pe-Pulsations are generally revealed by periodic photometric
riastron, though, is not ruled out, and perhaps is even sigde variability. However, the typical amplitudes of these a#ions
by the observations. are only a few hundredths of a magnitude (typicai{).04;
Lefever et all 2007). Variability of this amplitude would trime
detectable with the accuracy and sampling of the ASAS phetom
etry. We also checked if the presence of pulsations may have a
The sort of line-profile variability displayed in Figl 6 isgment effect on the stellar parameters derived. We carried out the sam
in all the absorption lines in the spectrum of HD 306414. &mi Fastwinp analysis for all the spectra available, finding slightly
variability is generally interpreted as a reflection of lstepul-  different physical parameters between spectra, but always com-
sations. Oscillations in main-sequence and not-veryweebB- patible with the values reported within the error bars qdote
type stars have been known for years (Aerts 2006). Recent ev-
idence also points to widespread oscillations in B-typeesup
giants. Both g- and p-modes were detected in HD 163899 (B1
Saio et al. 2006), while photometric variability stronglygs Even if stellar pulsations are the main cause of the radlabity
gests that a very high fraction of B supergiants presentitpac variations, it is highly unlikely that they are tloaly cause. Our
driven gravity-mode oscillations (Lefever et al. 2007).dadi- spectroscopic analysis of HD 306414 resulted in valueshfer t
tion, there is growing evidence suggesting that the extra limass compatible with a current mags ~ 35Mg. Naturally,
broadening in OB supergiants known as macroturbulencelcodl neutron star, with a masdyx ~ 1.4 Mg in a wide orbit is
be caused by photospheric line-profile variations (Aertdiet unlikely to induce large Doppler shifts in such a massive su-
2009; Simon-Diaz et &l. 2013). pergiant. On the other hand, the short X-ray outbursts tiedec
Oscillations have also been reported in GP Vel, the BO.5 8very 164.4 d argue for a highly eccentric orbit, suggedtiag
optical counterpartto the X-ray pulsar Vela X-1. When asalg the neutron star should comeficiently close to the supergiant
its radial velocity curve, van Kerkwiik et al. (1995) detedsub- to induce some measurable radial velocity shifts, unlessinie
stantial deviations from the curve expected for pure Kégter of sight is almost perpendicular to the orbital plane. ItHas
motion. Large changes in the shape of line profiles were alsensible to expect an orbital signature to lie hidden belwsv t
observed. Later, Quaintrell et/al. (2003) showed thaty &itil- higher-amplitude variations due to pulsations.
tracting the best orbital fit, the residual radial velocitgersions In an attempt to constrain the orbital parameters, we used th
seemed to be modulated at multiples of the orbital frequeng§BOP cod@ (Etzell2004), which fits single-lined orbits to the
This led Quaintrell et al. (2003) to suggest that the os@ilfés observed radial velocities of a spectroscopic binary using
were tidally induced by the companion. of several optimisation schemes based on the LehmannsFilhe
Koenigsberger et al. (2012) showed that tidal interactiomfferential correction procedure, to investigate which sbare

between the neutron star and supergiant in the slightlyrecceital solutions are compatible with the observed radiabeiy
tric Vela X-1 system can indeed induce surface motions on the

supergiant companion that lead to strongly variable pofie 2 http://mintaka.sdsu.edu/faculty/etzel/

4.1. Stellar pulsations

ﬂiz' Stellar and orbital parameters
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curve. SBOP requires a preliminary knowledge of some parathe high mass of the supergiant, the neutron star may corge ver

eters to produce an accurate fit. If we fix the orbital periothéo close to its surface without giving rise to changes in thealad

X-ray outburst recurrence time, the code will invariablgdte velocity higher than those allowed by our observationse&tj

the periastron at the phase corresponding to the large ®®our periastron distances 2 R, are compatible with eccentricities

in radial velocity around 2006 December 22nd. The sudden in-0.8. Such a close distance may lead to localised mass loss

crease in radial velocity in a few days is interpreted by th@ec through the inner Lagrangian pointin the form of a transiietat

as periastron passage in a high-eccentricity orbit. Adiffecult  stream. This scenario is fully consistent with the largéataons

to explain the short X-ray outbursts observed if they haptenin the shape of b observed close to the periastron passage and

orbital phase- 0.3, we assume that this abrupt change in radiatay explain the strong perturbing influence of the neutran st

velocity is not due to orbital motion. on the supergiant companion in spite of the large average dis
Therefore we also forced the time of periastron to be cotance.

strained between MJD 54136 and 54144, i.e. within four ddys 0 The X-ray outbursts would then be due to the accretion of

the peak of the X-ray outburst that happened on 2007 Februatgllar wind from regions close to the stellar atmosphetgtasl

9th and fixed the zero time of ephemerides to the time of the figgith a transient tidal stream that may even permit the forma-

observation. We run SBOP fixing the eccentricity and letthrgy tion of a transient accretion disk. The presence of suclsigah

other orbital parameters converge. We triefedent values of structure may be tested by future high-sensitivity missivia

the eccentricity, varying in steps of 0.05, and checked the-s the study of spin evolution during the short X-ray outbuv¥ith

dard deviation of the fit for each value. Orbits with moderatde high-eccentricity orbit suggested by the shape of the ou

to large eccentricities can be fitted to the radial velociyngs bursts, the neutron star will quickly move to distandes 3R,

with similar standard deviations, though none of them tesnla leading to the disappearance of the tidal stream (and petat-

credible fit. From examination of a large number of fits, we-coreretion disk) and hence the abrupt decrease in luminoditg. T

clude that the semi-amplitude for the optical componentties residual emission that is sometimes seen up to 6—8 daydadter

Kopt S 11+ 6 km s so that the orbital variations are not seen.peak (Romano et 8l. 2009) may then be due to the low-density
The large changes in radial velocity observed around tktellar wind at high distances.

time of periastron allow for rather high orbital eccentsycilf Based on the orbital parameters of IGR J11:23852,

we assumeop ~ 11 kms?, we can find solutions with high- ILiu et all (2011) suggested that the system might have gone

eccentricity that result in relatively low standard delias (as through a phase as a Beray binary in the past. The high mass

compared to other solutions). As an example, Figure 5 shothsit we derive for HD 306414 makes this possibility very un-

the radial velocity curve of an orbit withope = 10.4 km st likely. With an initial massz 35 Mg, HD 306414 should have

ande = 0.8 that could lie hidden below the pulsations. As ahad a spectral type around O5V when it was on the main se-

illustration, Tablé ¥ includes in the last column the residior quencel(Martins et &l. 2005). No Oe star with such an earlg-spe

this fit. Even though they are unacceptably high, no otheefit rtral type is known/(Negueruela et/ al. 2004). Moreover, inabe

sults in a lower standard deviation. For such high eccetytriccretion scenario presented here, a transient accretibmuhy

orbits, assumingl. = 35Mg and a standard neutron star masgossibly form near periastron, allowing the transfer ofudag

Mx = 14Mg, the expectedKoy is always~ 10 kms? for momentum to the neutron star and thus invalidating the agsum

i = 9C°. It is therefore not surprising that we fail to detect théion of pure wind accretion used by Liu et al. (2011).

orbital motion in the presence of strong pulsations.

5. Conclusions

4.3. A j hani . . .
3. Accretion mechanisms We used high-resolution spectroscopy of HD 306414, the opti

The orbital parameters suggested by the X-ray behaviaal counterpartto IGR J11245952, to determine its astrophys-
of IGR J112155952 are very dierent from those of ical parameters and search for orbital modulation. We firad th
other SFXTs (or any other supergiant X-ray binary), adD 306414 is a luminous B0.5 la supergiant, at a distance not
both the orbital period and eccentricity appear rather higbmaller (and perhaps slightly higher) than 7 kpc. Its preday
and seem more typical of long-period /Beray bina- massiss 35Mg, a typical value for the spectral type. Its chem-
ries (Okazaki & Negueruela 2001). Supergiant systems likeal composition is also typical of the spectral type, anceeds
IGR J16465-4507 or SAX J1818.61703 haveP, ~ 30 d, little chemical evolution, suggesting that the star is gistling
and moderate to high eccentricities are deduced from thaimodore hydrogen burning.
lation in their X-ray flux (see, e.qg. Clark et al. 2010). Thepe The star presents moderately strong variations in radial ve
liar supergiant X-ray binary GX3042 hasPn = 41498 d and locity, but these changes take the form of large excursions o
e = 0.462 {(Koh et all 1997). Though its X-ray flux is stronglytimescale of a few days and do not seem to reflect orbital mo-
modulated and presents a strong peak, emission is detedied. Very significant changes in shape and depth of all photo
throughout the orbit. Leahy & Kostka (2008) find that the X-raspheric lines are taken as indications of pulsations, piogia
lightcurve can be reproduced if the B laypergiant compan- likely origin for the radial velocity excursions. Variatie in ra-
ion loses mass through a tidal stream in addition to the gtrodial velocity reflecting the orbital motion are not evidenit we
stellar wind. checked that the signature of a wide, highly-eccentrictpes
Even though the mass donor in GX3@&Lis more evolved suggested by the X-ray behaviour, can feively masked by
and perhaps more massive (and hence more luminous) tiiaa dfects of pulsations.
HD 306414|(Kaper et al. 2006), the similarities between e t In view of these characteristics, we suspect that
systems are strong. It is easy to envisage IGR J143352 IGR J112155952 is not a typical SFXT, but rather a sys-
evolving into a system very similar to GX302 as stellar evo- tem in which flares are driven by the close approach of the
lution turns HD 306414 into a later-type B hypergiant (with @eutron star to the companion during periastron, very Yikel
slower and denser wind) and tidal circularisation redubest- resulting in localised mass loss from the outer layers of the
centricity. The accretion mechanism may also be similare®i supergiant and the formation of a transient accretion disk.
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The close passage may be (partially) responsible for the @ieke, G., & Lebofsky, M.J. 1985, ApJ, 288, 618
citation of the pulsational modes. As the supergiant expangtitchie, B.W., Clark, J.S., Negueruela, 1., & Crowther, P2809, A&A, 507,

IGR J112155952 will probably turn into a system very similar
to GX301-2, which contains a neutron star in an eccentric orbi

around a B1.5 lahypergiant.
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