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Fig. 3. The four spectral energy distributions estimated atTmid. De-
reddened optical data and unabsorbed X-ray �ux are shown. Dashed
lines represent our �tting model.

Fig. 4. Evolution with time of the spectral parameters. Variation of the
optical extinctionAV (top) and of the optical spectral index� (centre).
Blue stars represent the values obtained by four SEDs as reported in
Table 1. The green area refers to the model withAV �xed, while the or-
ange area to the model with� �xed. The red squares (bottom) represent
the variation of the X-ray photon index� , which at late times settles
around the value� 1.6 � 0.1 (grey area).

optical light curve at early time (Figs. 1 and 2) could arise from
various scenarios:

(a) The colour evolution could be caused by the passage of
a break frequency. Considering that the spectral index�
becomes shallower, the passage of the cooling frequency
� c / t1=2 in the slow cooling wind medium is the only pos-
sible case in this scenario, otherwise� becomes steeper or
it changes sign (Chevalier & Li 2000). The passage of� c is
expected to cause the spectral index change� � = 1=2, si-
multaneously with the decay index change� � = 1=4 in the
light curve (Sari et al. 1998). However, the observed change
in the spectral index is smaller� � � 0:2 (i.e. the di� er-
ence in� between the �rst epoch and later epochs), and
no temporal breaks seem to be associated with this spectral
change. Moreover, our SED analysis seems to indicate that

Table 1.Fit parameters of the optical SED at di� erent epochs.

Tmin (s) Tmax (s) Tmid (s) AV �

700a 1200 950 0.06+0:03
� 0:03 0.73+0:11

� 0:10
1200 4000 2600 0.05� 0.03 0.72+0:11

� 0:09
4000 8000 6000 � 0:05 0.81+0:08

� 0:02
8000 18 000 13 000 0.06+0:04

� 0:03 0.73+0:11
� 0:10

Notes.(a) WithoutU �lter.

� opt < � c < � X at the time of each SED (Fig. 3). Therefore
the passage of a break frequency cannot explain the obser-
vations well, and the scenario can be discarded.

(b) The colour change could be simply caused by a variation of
the spectral index� . Following Morgan et al. (2014), we �t
the SEDs letting� free to vary and �xing the dust parame-
ters to the values obtained at late times. Therefore, the colour
change can be modelled similar to a variation in the intrin-
sic spectral index� , as F� 2 = F� 1(� 2=�1)� � 12 (Perley et al.
2010). Indeed, as can be seen in Fig. 4 (middle panel), this
possibility could explain the observed data. From our �t, the
largest variation of the spectral index is expected at the very
early times (green area), where it goes from� � � 1:4 at the
time of our �rst UV detection (� 3 � 102 s) up to� � � 0:7
at t � 103 s when in fact the observed temporal behaviour
becomes achromatic.

(c) Another possible source of the colour variation could be
a change of the optical extinction because of the dust de-
struction by the jet within 10–30 pc (Draine & Salpeter
1979; Waxman & Draine 2000; Fruchter et al. 2001; Perna
& Lazzati 2002; Draine & Hao 2002). This is supported by
the fact that long GRBs have massive star progenitors and
explode in dusty environments (Morgan et al. 2014). In this
case, both the extinctionAV and reddeningRV are expected
to change (e.g. Perna et al. 2003). Therefore, we �tted the
optical/X-ray SEDs lettingAV and � free to change, since
the dust absorption observed at early times can have di� er-
ent signatures than those at late times (Morgan et al. 2014).
For GRB 120327A we do not see a clear variation of the
extinction in our spectral analysis. However, we �nd an ex-
cess of the X-ray absorbing column density at early time
(NH � 1:6 � 1022 cm� 2) that disappears after� 150 s from
the burst onset, becoming consistent with the Galactic value
(Willingale et al. 2013). Assuming the dust-to-gas relation
reported by Covino et al. (2013) this would correspond to
an AV � 1 mag, implying some sort of extinction variation
at very early times. However, the dust destruction scenario
seems a contrived explanation.

5. Summary and conclusions

We analysed the temporal and spectral properties of
GRB 120327A. The multi-band �t has highlighted the presence
of a colour variation from early to late time that cannot be easily
explained with the passage of a break frequency through the op-
tical/NIR bands, either with the assumption of an homogenous
or wind-like surrounding medium. However, in the fast-cooling
case with a wind-like medium, small changes of the spectral
index could be the result of the theoretical curvature of the
spectrum (Granot & Sari 2006).

No evidence for a change in the absorption,AV, which could
explain the observed colour variation, is clearly seen in our data;
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Figure 8. From top to bottom, RV curves, luminosity ratio curve, andV-
band �ux (normalized to the brightest magnitude) versus orbital phase.

6 DISCUSSION

The available data show that the components of V1481 Ori seem to
belong to Class II (CTTS). In fact, the H� line, the prominent IR
excess, and the presence of an accreting hotspot as inferred from
our modelling, are consistent with the existence of a circumbinary
accretion disc typical of CTTS stars. Moreover, its optical light-
curve amplitude, after correction for the light dilution effect, is
� I > 0.44 mag (� V> 0.70 mag), which is a value observed in CTTS
stars, whereas WTTS stars generally exhibit lower amplitudes (see,
e.g. Herbst et al.1994). Despite the stochastic variability generally
associated with accretion phenomena, V1481 Ori is one of the
known ONC members with the most stable light curves (see Fig.2).
The pooled variance pro�le shown in Fig.4 also shows that the
variability mostly comes from the rotation and additional variability
sources start contributing at much longer time-scales (> 3 yr). This
behaviour suggests that the secondary component of V1481 Ori has
an accretion disc though the accretion is moderate and quite stable;
or, that the accretion from a circumbinary disc is primarily on to the
secondary, as models suggest.

Our measurements of the luminosity ratio show that it is variable
in the range from 0.68 to 0.94. This variation is correlated to the
orbital phase and can be accounted by a hotspot covering about
3.5 per cent of the photosphere. However, the minimum value 0.69
is about 30 per cent larger than expected in the case of no accre-
tion. This means that we must invoke the presence of an additional
component of bright regions that are quite visible at all phases

and therefore not undergoing rotational modulation. In this case,
the shape of the hotspot must be quite more complicated than that
we could model. We can image that the infalling gas from the disc
produces a quite uniform bright belt at the latitude where the hotspot
is located, with superimposed the hotspot.

The existence of a circumbinary disc that is accreting material on
the secondary component gives a strong observational support to the
models of Artymowicz & Lubow (1996). These models predict that,
in the case of close T Tauri binaries with low eccentricity and with
unequal component masses, the mass �ow from the circumbinary
disc occurs preferentially on to the lower mass object. Our �ndings,
on the contrary, give less support to other models, e.g. by de Val-
Borro et al. (2011), that predict the accretion to occur on both
components, although we cannot rule out the presence of at least
some accretion on to the primary.

Fully convective stars such as V1481 Ori are expected to rotate
as a solid body. Indeed, we do not detect any evidence of SDR from
seasonal rotation period variations at the 0.7 per cent level, which is
the 3� precision of our rotation period measurements. On the other
hand, young main-sequence stars with a rotation period of about 5 d
generally exhibit variations of the measured photometric rotation
period � P/P up to 5 per cent, which are attributed to SDR (e.g.
Messina & Guinan2003). What we unexpectedly found is a possible
slow oscillation of the phase of maximum with period of about 6 yr.
Such an oscillation can arise from a variation of the angular velocity
with which the hotspot producing the light modulation is carried out
across the photosphere. This angular velocity exhibits a variation
��/� = 0.065 per cent, which is a factor 20 smaller than the
precision with which our measurements can reveal rotation period
variations. This may be a nice example case of how powerful the
analysis of phase migration of light-curve minima in SDR studies
can be. The angular velocity variation we observed can be due to a
periodic latitude migration of the hotspot on a differentially rotating
star. In this case, we measure a lower limit to the amplitude of SDR,
since the latitude interval spanned by the hotspot is limited.

Because our star is probably locked to its accretion disc by its
strong magnetic �eld, an alternative explanation is that the disc and
the star exchange angular momentum back and forth in a cyclic
fashion. In this case, assuming the stellar parameters given above
and an internal structure as a polytrope of indexn = 3/2, we can
estimate the minimum magnetic �eld strength required to transfer a
suf�cient amount of angular momentum during an oscillation period
to account for the observed amplitude (see Appendix A). We �nd a
minimum �eld strength of about 650 G at the stellar surface, that is
in agreement with the strong surface �elds found in T Tau stars.

7 CONCLUSIONS

We have carried out a photometric and spectroscopic study of the
SB2 spectroscopic binary V1481 Ori, a member of the ONC. Spec-
troscopic data were collected at the ESO/VLT and photometric
data were collected at the IAO since 2004. The latter were com-
plemented with photometric observations performed at VVO since
1991, totalling a series of about 20 yr ofI-band photometry. Our
spectroscopic analysis has allowed us to con�rm the binary na-
ture of this system, obtaining the RV curves of both components,
from which we derived the orbital periodPorb = 4.433 d, the mass
ratio MB/MA = 0.54, and the luminosity ratioLB/LA, which is
found to vary with orbital phase. A comparison with evolution-
ary models from Baraffe et al. (1998) allowed us to infer masses
MA = 0.45 M� andMB = 0.25 M� and radiiRA = 1.97 R� and
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RB = 1.57 R� of both components, and the inclination of the rota-
tion axesiA � iB = 60� .

The analysis of photometric data has allowed us to detect a very
stable light modulation with an average periodProt = 4.4351 d
that we attribute to the presence of a hotspot, which is presumably
generated by material accreting from a circumbinary disc on to the
lower mass component, and is carried in and out of view during the
orbital revolution. Although both components are expected to host
some level of magnetic activity (starspots) due to the deep convec-
tion zone and the fast rotation, the observed variability arising from
this hotspot seems to be dominant with respect to any additional
contribution from cool spots. The presence of a hotspot on the sec-
ondary component is also found by our modelling of the multiband
light curves and RV curves collected in the 2005 season.

We �nd that luminosity ratio variations correlate very well with
theI-band �ux variations, in the sense that the maximum luminosity
ratio is observed at the same phases (0.2–0.3) that the light curve
has its maximum. This circumstance gives strong support to the
presence of a hotspot as cause of the observed variability. The
hotspot is located at about 70 deg from the substellar longitude.
Our �ndings favour those accretion models predicting, in the case
of close T Tauri binaries with low eccentricity and with unequal
component masses, the mass �ow from the circumbinary disc to
occur preferentially on to the lower mass object.

From the migration in phase of the light-curve maximum, we infer
a variation of the photometric period of 0.065 per cent. That is very
close to rigid-body rotation, as expected by the models mentioned
in the Introduction. We �nd an interesting periodic oscillation of
about 6 yr that can arise from a variation of the angular velocity
with which the hotspot producing the light modulation is carried out
across the photosphere. The angular velocity variation we observed
can be due to a periodic latitude migration of the hotspot on a
differentially rotating star. An alternative explanation is that the
disc and the star exchange angular momentum back and forth in
a cyclic fashion. In this case, we �nd a minimum required �eld
strength of about 650 G at the stellar surface, that is in agreement
with the strong surface �elds found in T Tau stars.
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Küker M., Stix M., 2001, A&A, 366, 675
Lamm M. H., Bailer-Jones C. A. L., Mundt R., Herbst W., Scholz A., 2004,

A&A, 417, 557
Lanza A. F., 2007, A&A, 471, 1011
Lucy L. B., Sweeney M. A., 1971, AJ, 76, 544
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Additional Supporting Information may be found in the online ver-
sion of this article:

Table 2. (http://www.mnras.oxfordjournals.org/lookup/suppl/doi:
10.1093/mnras/stv3000/-/DC1).

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

APPENDIX A: MAGNETIC COUPLING
BETWEEN A STAR AND ITS DISC: ANGULAR
MOMENTUM EXCHANGE

The variation of the spin angular momentum of the starL is given
by

dL
dt

= 	, (A1)

wheret is the time and	 the torque due to the Maxwell stresses
produced by the magnetic �eld that couples the star with its disc.
The torque applied at the surface of the star is given by the integral
of the Maxwell stressBrB applied there (cf. Lanza2007):

	 = Š
1
µ

∫
S

R sin�B r B dS, (A2)

whereµ is the magnetic permeability of the plasma,R is the radius
of the star,� is the colatitude measured from the North pole,Br is
the radial andB is the azimuthal component of the magnetic �eld
at the surface of the star, andSis the stellar surface. Assuming that
the �eld components are axisymmetric, we obtain

	 = Š
π2

µ
R3�Br B � , (A3)

where the brackets indicate the mean value of the Maxwell stress
over the surface of the star. If the magnetic stresses modulate the
angular velocity� of the star with a periodPmod, the amplitude of
the variation of the angular momentum is given by

dL
dt

=
2πI
Pmod

��, (A4)

whereI is the moment of inertia of the star and�� is the amplitude
of its angular velocity modulation assumed to oscillate sinusoidally
as a function of the time. The moment of inertia of the star can
be written asI = kMR2, wherek = 0.205 for a polytrope of index
n = 3/ 2, is a constant depending on the density strati�cation inside
the star andM is the mass of the star. Considering equations (A1),
we can equate the right-hand sides of (A3) and (A4) and with some
re-arrangement of the terms we obtain

�Br B � =
2kµ

πRPmod
M��, (A5)

that we use to estimate the Maxwell stress at the surface of the star.
The minimum magnetic �eld strengthBmin corresponds to the case
whenBr = B and is given byBmin = (�BrB � )1/ 2.

This paper has been typeset from a TEX/LATEX �le prepared by the author.

MNRAS 457,3372–3383 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/457/3/3372/2588884 by IN
A

F
 C

atania (O
sservatorio A

stronom
ico di C

atania) user on 21 A
pril 2020

http://www.mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/stv3000/-/DC1
http://www.mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/stv3000/-/DC1

