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1 INTRODU

CTION

ABSTRACT

We describe a scenario to explain blazar periodicities with time-scales of ~ few years. The
scenario is based on a binary supermassive black hole (SMBH) system in which one of the
two SMBHEs carries a jet. We discuss the various mechanisms that can cause the jet to precess
and produce corkscrew patterns through space with a scale of ~ few pc. It turns out that the
dominant mechanism responsible for the precession is simply the imprint of the jet-carrying
SMBH orbital speed on the jet. Gravitational deflection and Lense—Thirring precession (due
to the gravitational field of the other SMBH) are second-order effects. We complement the
scenario with a kinematical jet model which is inspired to the spine—sheath structure observed
in M87. One of the main advantages of such a structure is that it allows the peak of the
synchrotron emission to scale with frequency according to vF o v¢ as the viewing angle is
changed, where £ is not necessarily 3 or 4 as in the case of jets with uniform velocity, but can
be & ~ 1. Finally, we apply the model to the source PG1553+-113, which has been recently
claimed to show a Ty, = (2.18 £ 0.08) yr periodicity. We are able to reproduce the optical
and gamma-ray light curves and multiple synchrotron spectra simultaneously. We also give
estimates of the source mass and size.

Key words: BL Lacertae objects: general - BL Lacertae objects: individual: PG15534113 —
galaxies: jets.

so, what is the physical mechanism responsible for the precession.
The chief observational signature of such precession would be a

Astrophysical jets are common and ubiquitous: they are found in
systems with extremely different spatial scales, from kpc-long jets
in active galactic nuclei (AGN) to smaller jets in stellar systems
such as X-ray binaries and protostars (see for example Livio 2009).

In some cases jets are observed to precess, forming a corkscrew
pattern through space. The most spectacular example is probably
the microquasar SS 433 (Margon 1984; Blundell & Bowler 2004,
2005). Jets powered by AGNs can also show similar corkscrew
patterns: an example is 3C 273 (Bahcall et al. 1995), the first quasar
ever discovered (Hazard, Mackey & Shimmins 1963; Schmidt 1963;
Kellermann 2014; Hazard et al. 2015).

Blazars are powerful gamma-ray sources that are believed to
consist in a jet powered by an AGN pointing in the general direction
of the Earth (see for example Urry & Padovani 1995; Marscher
2013). It is natural to ask whether their jets can precess too and, if
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periodic signal, so the first step is to ask whether such periodicities
are observed.

Blazars-observed fluxes display extreme variability at all wave-
lengths on a wide range of time-scales, which are generally divided
into three classes: microvariabilities (time-scale of less than a day),
short-term variabilities (time-scale from days to few months) and
long-term variabilities (time-scale ~ few years, e.g. Urry 1996;
Gupta 2014). Information on longer term variabilities is obviously
not observationally accessible (yet) as we have been able to observe
these objects for a few decades only.

Signs of periodicity are often claimed on all possible time-scales
(e.g. Urry 2011; Gupta 2014). The question is usually whether such
periodicities are genuine or mere statistical fluctuations. Very few
examples show convincing periodicities to date. In this work, we
focus on long-term periodicities with time-scales of ~ few years.
One of the most convincing case is that of OJ 287, which shows a
periodic flaring on a time-scale of ~12 yr. What makes this case
particularly convincing is that the next outburst was predicted on the
basis of the light curve of the preceding decades by Sillanpaa et al.
(1988), and then actually observed by Sillanpaa et al. (1996). Other
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notable cases are PKS 2155—304 (Zhang et al. 2014; Sandrinelli
et al. 2016), 3C 279 (Li et al. 2009; Sandrinelli et al. 2016) and
PG 15534113 (Ackermann et al. 2015). Thus, there is promising
indication that a genuine periodicity can be detected and it is worth
investigating the problem from the theoretical point of view.

In this paper, we describe a scenario in which a binary super-
massive black hole (SMBH) can generate an observable jet periodic
precession. In this scenario, the jet is ballistic and the angle between
the jet axis and the observer’s line of sight changes periodically with
time. We discuss the various mechanisms that can cause the angle
to vary. The presence of a binary SMBH system is expected in a sig-
nificant fraction of AGN (e.g. Begelman, Blandford & Rees 1980),
and a binary system has been often indicated as a possible source
of year-like periodicities (e.g. Gupta 2014; Graham et al. 2015).

We complement our scenario with a jet model that has a spine—
sheath structure and we discuss a phenomenological model for the
jet synchrotron emission. The spine—sheath structure is inspired to
MS87 where a similar structure has been actually observed (Kovalev
etal. 2007; see also Tavecchio & Ghisellini 2008). However, nothing
prevents the scenario to being complemented by models involving
different jet structures and/or emission models.

In the second part of the paper, we apply our scenario to the
blazar PG 1553+113, who has recently been found to show a quasi-
periodic behaviour (Ackermann et al. 2015), most prominently in
the gamma-ray band. We focus on this source because our work
originally developed as an attempt to understand it. Our scenario
has however more general validity and we point to further candidates
for its application.

The paper is organized as follows. In Section 2, we describe our
simple spine—sheath jet model. We derive formulas for the predicted
flux and we model the synchrotron emission phenomenologically.
The scenario and the physical mechanisms responsible for the jet
precession are explained in Section 3. We also discuss the predicted
light curves and give formulas to estimate the model parameters.
In Section 4, we apply our model to the blazar PG 1553+113.
Finally, in Section 5 we draw our conclusions and discuss potential
applications and future work.

2 JET MODEL

In this section, we describe our jet model.! The model is purely kine-
matical and we start by describing its geometrical structure. Then,
we consider the emissivity of material inside the jet and perform
some simple calculations to derive the flux received by an observer
whose line of sight makes an angle 6,5 with the axis of the jet. In
the last part, we study in more detail the synchrotron emission. We
derive a phenomenological formula for the emissivity and discuss
some characteristics of the spectrum predicted by this formula.

For simplicity we discuss the model by considering the case of a
nearby source (i.e. at redshift z ~ 0). In applying it to real objects,
one has to correct the relevant equations to take into account their
actual redshift (see the discussion in Section 4).

2.1 Geometry of the jet

We assume that material inside a cylindrical region ¥ (emission
pattern) emits, while material outside it does not. The emission
pattern is assumed to be stationary in some inertial frame K but

! We discuss only emission from the jet and we do not consider any emission
from the accretion disc and/or the host galaxy, which are largely subdominant
with respect to the beamed radiation in blazar jets.
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Figure 1. Schematic illustration of the jet structure.

material is assumed to be steadily moving in the same frame (see
Fig. 1; see also section Il of Lind & Blandford 1985).% In this section,
the frame K will also be identified with the observer’s frame.

The velocity of the fluid is assumed to be parallel to the axis
of the cylinder. We assume a ‘spine—sheath’ structure. This means
that the jet has a ‘spine’ (the central part, closer to the axis of the
cylinder) where the fluid moves faster and a ‘sheath’ (the external
part) where the fluid moves slower. We assume that the Lorentz
factors of material inside the jet are

F] if r < Rl,
) (D
Iy if R <r <Ry,
where
1 .
= i=1,2, 2

VIR
where g; is the velocity of the fluid in units of the speed of light. In
our model, we assume that I'y >> I'». The idea is that in the sheath
the fluid is slowed down by viscosity and/or by some other process.
However, our model is purely kinematical and we do not discuss
the hydrodynamics involved. The spine—sheath structure has been
studied theoretically by a number of authors (Sol, Pelletier & Asseo
1989; Celotti, Ghisellini & Chiaberge 2001; Ghisellini, Tavecchio
& Chiaberge 2005; Sikora, Rutkowski & Begelman 2016) and there
is evidence that this structure does indeed occur in observed jets, for
example the one of M87 (Kovalev et al. 2007; see also Tavecchio
& Ghisellini 2008).

2.2 Emission from the jet

We assume that all fluid elements emit with a given isotropic emis-
sivity jo(v) in their rest frames. For the moment, we do not specify

% Note that the observed flux is different in the two following apparently
equivalent situations: (i) the emission pattern is stationary and the fluid
inside moves with uniform velocity v (i.e. it turns ‘on and off” as it enters
and leaves the emission pattern) (this is the case we are discussing in this
paper); (ii) the emission pattern moves together with the fluid at the same
velocity v. The rest-frame emissivity and all the other characteristics of
the fluid are assumed to be exactly the same in both cases. The fact that the
observed flux differs can be counterintuitive given that the two situations can
be instantaneously identical (i.e. the emitting fluid instantaneously occupies
the same spatial region and has at each point the same velocity and the same
emissivity in both cases). The reason for the difference ultimately lies in the
fact that at any given time an observer sees light emitted at various different
previous times from different parts of the source, so how the whole pattern
is moving does matter. See for example Lind & Blandford (1985).
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the form of jy(v'). The emissivity in the frame K, where the fluid is
moving, can be obtained by applying the usual special relativistic
transformations, and will no longer be isotropic due to relativistic
beaming.

Assuming an optically thin jet, an observer located very far from
the jet (D > L, where D is the distance of the observer and L is the
height of the cylinder) in the frame K will then observe a flux given
by (see Appendix A for a detailed derivation)

. T[LR% 5. v 5. v
F(v,n): D2 )\.61‘]0 g +(1—)L)52]0 g ) (3)

where

(i) 71 is the unit vector in the direction in which we are observing
the emission in the frame K;
(i) v is the frequency in the frame K;
(iii) 8; (i = 1, 2) is the Doppler factor, given by
_ 1

il —a-B)

where

“

)]

1

CVi-87
(iv) 0 < X < 1is a weight which tells the relative contribution of
the spine and the sheath

= (B (©)
=\& )
When A = 0 there is only sheath, when A = 1 there is only spine.

The first term between square brackets in equation (3) originates
from the spine, while the second term originates from the sheath.

&)

We can integrate equation (3) over a frequency band B = [v,, vp]
to obtain:

LR [ 5 ( [/
Fg = — {Mi (/ Jo(») dy)
D va/81

Vp/82
+ (1 —2)8 (/ Jo (y)dy)} . (7
Va /82

How does the flux predicted by equation (7) change if we change
the viewing angle 6,,s? Note that the dependence of the observed
flux on the viewing angle 6, comes entirely from the §’s. Taking
Bi = (B, 0,0) and i1 = (oS Oy, Sin Gyps, 0), these can be rewritten
as

1
© (1 = B cos Oops)

Let us consider a few examples. If we look at the total flux
integrated over all possible frequencies, we have

I4R2 +00
Fo= 222 ( / Jo (y)dy) (287 + (1 = 18] - ©

5 i=1,2. 8)

D? 0o
In this case, the dependence on 6, does not depend on the form
of jo and is entirely contained in the § factors inside the square
parentheses. As a second example, consider a band over a limited
frequency range and a power-law emissivity jo oc Kv" ~! where 7
is a constant. In this case, we obtain

Fp [Aaf*” +— A)éi*”]. (10)

In this case, the dependence on 65 does depend on the form of j,
through n.
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2.3 Synchrotron emission

2.3.1 Phenomenological emissivity

The emissivity jo(v') for the synchrotron emission can be derived
phenomenologically in the following way. Massaro et al. (2004)
have shown that the observed spectrum of many BL-Lac objects is
phenomenologically well described by a log-parabolic distribution:

2
log [vF ()] = log [veF (vp)] — b {log (i)} : 11

Vp

where vp, vpF(vp) and b are free parameters. To derive jy, we assume
that when I'y = I', = 1 the equations (3) and (11) give the same
result. We obtain
. f vl (VP)D2 { , z}

= —————exp4y—b|log(v'/v . 12
Jo (v') iR P [log (v'/vp)] (12)
We can check a posteriori that when this form of jy is used in
equation (3) it produces fluxes that are very similar to the phe-
nomenological equation (11).

2.3.2 Spectra

Substituting equation (12) into equation (3), we obtain the flux of
the synchrotron emission

vE(, ) _ v 2
7VPF(VP) = Ad] exp{ b {log (5111}’)} }
v 2
+(1—=1)8 exp{—b {log (—)} } (13)
52Vp

The free parameters for the synchrotron emission in our model are
as follows.

(i) 'y, I'y: the speed of the inner and outer parts.

(i1) Bobs: the viewing angle.

(iii) vpF(vp): an overall normalization factor.

(iv) vp: the peak frequency of the emissivity in the rest frame of
the emitting material.

(v) b: the curvature of the vF(v) curve.

InFig. 2, we show examples of spectra predicted by equation (13).
Each solid line is the spectrum predicted for a given value of the
parameters listed above, and all such lines resemble very well a
log-parabolic distribution, equation (11). This confirms that our
phenomenological j, does reproduce sensible spectra. The parame-
ters used are listed in the figure caption.

Panels in Fig. 2 show how the observed emission changes as we
change the viewing angle 0. Even if in its rest frame the material
emits isotropically, in a frame where it moves with a relativistic
factor I" its emission will be strongly beamed into a cone of angle
~1/T.

The top and bottom panels shows the case A = 0 and A = 1,
respectively. Here, either only the spine or sheath is present and all
material moves with a single Lorentz factor. The maximum flux is
obtained for 0, = 0°, when we are looking at the jet right down
its axis. As 6,ps is increased, the spectrum moves down and left in
the log (vF)-log (v) plane. The red dots trace how the peak of the
spectrum moves. These dots form a straight line with a slope of
& = 3 (this can also be easily inferred directly from equation 13).3

3 Note that this result is slightly different from the slope & = 4 that would be
obtained if the radiation were produced by a moving bubble whose emission
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Figure 2. Synchrotron spectra predicted by our jet model, calculated from
equation (13). The only difference between different panels is the value of
A. Each solid line is a spectrum obtained for a given value of 64ps. The
maximum flux is obtained for ,ps = 0° and other spectra are obtained for
increasing values of 6ps as shown in the figure. The red dots mark the peaks
of the spectra. The black dashed line simply connects the red dots for easier
visualization. The value of the other parameters is as follows: I'j = 20,
'y =2 and b = 1.0. The curves are normalized so that the peak for 6 ps = 0
has a value of vF(v) = 1 and occurs at a value v = 1.

The only difference between A = 1 and A = 0 is that in the first case
the spectrum moves much more rapidly as a function of 6 the

pattern is moving together with the fluid instead of being stationary in the
frame K (see case ii in footnote 2). The latter is also a commonly discussed
model for jets in blazars (see for example Ghisellini et al. 1998).

spine has a much higher factor than the sheath (I'y =20 > I'; =2)
and thus relativistic beaming is much stronger when A = 1.

The middle panel shows the true spine—sheath case, where ma-
terial at both I'y and I'; is present. The observed emission is
now a combination of the emission from the spine and sheath re-
gions, which are moving with different speeds. When 6, = 0°,
the spine dominates the emission thanks to its stronger beaming
(183 = 6000 > (1 — A)83 = 50). When O,y is increased, the emis-
sion from the spine decreases quickly, while the emission from the
sheath decreases much more slowly. Emission from the two regions
combine to give a slope for the line of peaks (red dots) of £ >~ 1. This
lasts until the emission from the spine becomes negligible, the line
of peaks forms a knee and starts again sloping steeply with £ >~ 3 as
in the case when only the sheath is present. The transition happens
around 6,5 = 7° for this particular choice of the parameters.

How do the other parameters affect the curves in Fig. 2? The
parameters vp and F(vp) simply shift the curve in the log (VF)—
log (v) plane. The parameter b changes the curvature of the log-
parabolic shapes, but affects very weakly other characteristics of
the spectra.

3 SCENARIO FOR JET APPARENT
PRECESSION

In this section, we consider a scenario involving a binary SMBH
system, in which one of the two SMBH carries a jet. We discuss
the various physical mechanism responsible for its precession (on
a ~ few years time-scale) and the creation of helical structures (on
a ~ few parsec scale). We discuss the observational consequences
on the spectrum and on the light curve.

3.1 Hypotheses

Consider a binary system of SMBHs on circular orbits. For simplic-
ity, we assume that both the SMBHs have a spin that is perpendicular
to the plane of the orbit. We assume that one of the SMBH carries
a jet, and that the material is ejected in the direction of the spin in
the SMBH rest frame (see Fig. 3). The jet is assumed to be purely
ballistic.

The parameters describing this system are as follows.

(i) M: the total mass of the system.

(ii) ¢: the mass ratio. The mass of the SMBH carrying the jet is
Ma = M/(1 + g), the mass of the other is Mg = Mq/(1 + q).

(iii) R: the separation between the SMBHs, assumed to be larger
than a few Schwarzschild radii.

A purely Newtonian calculation gives for the orbital period of the
system:

R3\ 2
T=2n|—) |, (14)
(o)

where G is the gravitational constant.

3.2 Jet deviation and rotation

Even if the jet plasma is emitted along the direction of the spin
(i.e. perpendicularly to the orbital plane) in the rest frame of the
jet-carrying SMBH, the jet will not be perpendicular to the orbital
plane according to an infinitely distant observer due to a number of
effects.
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Aobserver

jet direction

Jet-carrying black hole

Figure 3. Schematic representation of the SMBH and its jet. The long-
dashed line is the circular orbit followed by the black hole. The spin of
the black hole is perpendicular to the orbital plane. The jet direction in the
frame of the centre of mass of the binary system makes an angle A« with
the orbital angular momentum.

3.2.1 Dominant effect

The dominant effect (i.e. the one that causes the jet angle to vary
by the greatest amount) is simply the imprint of the SMBH orbital
velocity on the jet: since the jet-carrying black hole is moving (on a
circular orbit) with velocity v, the highly relativistic ejected material
will also possess the same velocity component in the observer’s rest
frame. The orbital velocity of the emitting SMBH is

1/2
V=i (%) : a3
q

Hence, if we assume that the material is highly relativistic and is
emitted at a velocity very close to that of light, the direction of the
ejected plasma forms a small angle

12
Aa~lo 4 (CGM (16)
¢ l+4gq \ R

with respect to the orbital angular momentum (see Fig. 3). During
the orbital motion, the direction of the ejecta slides on the surface of
a cone with half-opening angle A«. Hence, the jet can rotate with
respect to a distant observer, depending on its position. Assuming
that the line of sight forms an angle 6, = A« with respect to

~
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the orbital angular momentum, the region at the base of the jet is
observed at an angle 6, oscillating with an amplitude

2 GM\"?
Ay, =200 = L (22 (17
1+g \ R

and the same period T of the orbital motion.*

3.2.2 General relativistic effects

The presence of an SMBH companion deflects the trajectory of the
relativistic ejecta for the same reason light is deflected by a gravita-
tional field. Since motion in a gravitational field depends only on the
initial speed and position and not on the mass, a highly relativistic
particle whose speed is very close to ¢ will follow the same path as a
light ray. Hence, at first order the deflection angle can be calculated
following the common treatment for weak gravitational lensing:

2g GM

o Re (18)

2 [T
Ao 20*2/0\ 67R¢(R,Z)dZ:
where we have assumed that the particle is launched from the posi-
tion of the jet-carrying SMBH perpendicularly to the orbital plane
and
q GM

l+q VR +22
is the gravitational potential of the mass gM/(1 + g) which is
deflecting the ejecta.’ It is easy to verify that Aa; < Ac, if the
two SMBH are separated by more than a few Schwarzschild radii,
a condition which can be safely assumed to be verified.

We have assumed that the spin of the individual SMBHs are
parallel to the orbital angular momentum. However, if we relax
this assumption and take the spin of the jet-carrying SMBH not
perpendicular to the orbital angular momentum, then its direction
(and consequently the direction of the ejecta) can precede around
the orbital angular momentum due to other effects. One of these is
the Lense—Thirring effect (Lense & Thirring 1918; Thirring 1918;
Mashhoon, Hehl & Theiss 1984; see also Misner, Thorne & Wheeler
1973) caused by the gravitational field of the companion SMBH.
Taking the average angular velocity for the precession, 2, from
Barker & O’Connell (1975), we calculate the angular deviation of
the spin after one period as

ng 3q +4) GM
(1+4¢)7 R’

We have Aa; < A, if the two SMBHs are separated by more than
a few Schwarzschild radii. Thus, over the time of a single orbit the
deflection due to the imprint of the orbital speed is much greater
than the deflection due to the Lense—Thirring effect. However, de-
flections due to LT can sum up over many periods to produce a
total deviation equal to the misalignment between the spin and the

(R, 2)= 19)

Aoy S QurT = (20)

4 Note that if the line of sight is exactly parallel to the orbital angular
momentum, the distant observer will see no rotation, i.e. the line of sight
makes a constant angle with the jet (see also equation 25). In general, if g <
Aa, Oops oscillates with an amplitude ABps = 26; thus one eventually finds
Abghs = 2min (Aw, 6p).

5 We have verified that the self-deflection due to the gravitational field of the
SMBH carrying the jet is smaller by a factor (Rs/R)In (R/R;) compared to
the deflection from the other SMBH, where Rj is the Schwarzschild radius
of the SMBH carrying the jet.

MNRAS 465, 161-172 (2017)
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—100

T 50 L0 100

Figure 4. Schematic representation of the corkscrew pattern through space
formed by the jet. Single particle trajectories are straight lines such as the red
dashed line. The launching direction changes with time and the red dashed
line sweeps around on the surface of the yellow cone. The result is that
the instantaneous shape formed by the jet is the blue solid line. The black
dashed line is the axis of the cone. Note that units on different axes are not
to scale (the real pattern is more stretched along the z direction).

orbital angular momentum. The time-scale for this is

2n 21449y T 01

T Qur gBq+4)GM/RE ~ 3q+4

Tir (Abupss) T,

2n

where we have plugged in equation (17) and defined Afyps,5s =
ABqs/5°. Note that for a detectable Af,s ~ few degree, Ty is a
factor ~10°-107 longer than the orbital period T (if ¢ > 1, the rele-
vant case in our scenario; see Section 3.5 below). To have Ty ~ few
years we need a very close SMBH system with a very short time
for gravitational decay (see equation 28) so it is very unlikely to ob-
serve such a tight system. The typical time-scale for LT precession
is indeed longer, ~500 yr (Begelman et al. 1980). Note that any
periodicity due to the LT effect would be modulated on a shorter
time-scale by the imprint of the orbital speed. If we happen to have
a 500 yr precession caused by LT, this would be modulated on a
few years time-scale by moderate angle oscillations of few degrees,
and if we happen to have a few years precession due to LT (which
is unlikely) this would have strong modulation of several degrees
on the months or days time-scale.

Hence, the general relativistic effects discussed in this section
are all negligible on the few years time-scale. This has a simple
heuristic explanation: general relativity will always produce effects
proportional to (v/c)?, while the dominant effect discussed above
is proportional to (v/c). We thus neglect general relativistic effects
in the rest of the paper.

3.3 The geometry of the jet in space and consequences
for the periodicity

To a first approximation, a single emitted particle follows a straight
line,® but the launching point moves as the black hole moves on its
circular orbit. The consequence is that the jet instantaneous shape is
that of a corkscrew through space, see Fig. 4. The radius of the coils

6 Apart from general-relativistic effects that are here neglected for the rea-
sons discussed in Section 3.2.2 and deflections due to the gravitational
potential of the host galaxy which we also assume can be neglected.

increases linearly with the distance (remember that the cone half-
opening angle is v/c), while the spacing between neighbouring coils
is ¢T. However, one must not confuse the blue helix in Fig. 4 with
the trajectory followed by a single particle: the latter is a straight
line on the surface of a cone (red dashed line in Fig. 4).” Note also
that the actual observed pattern will be distorted since light coming
from different points along the spiral takes different times to reach
the observer.

Introducing the quantity 7, = T/2 yr, the distance between neigh-
bouring coils can be written as

cT =19 x 10®7 cm, (22)

which for characteristic periods of a few years is of the order of
1 pc.

If different wavelengths are produced in regions with different
spatial extension, some of them may show periodic behaviour while
other may not. If the emitting region extends on scales «cT all the
points of the emission pattern are observed at the same viewing
angle (which is oscillating periodically on the time-scale 7). Thus,
the light curve can show the same periodicity of the orbital motion.
On the other hand, if the emitting region extends on scales ~cT,
we are observing many viewing angles at once, and the periodicity
is washed out. In this case, however, a well-resolved source might
show a characteristic spiral pattern. This idea has been introduced to
explain the observed wiggles of jets in radio galaxies (e.g. Blandford
& Icke 1978; Lupton & Gott 1982; Kaastra & Roos 1992).

3.4 Predicted light curves

In this subsection, we discuss the light curves predicted by our
model. We consider an emission pattern extending on scales cT
from the base of the jet, so that the viewing angle can be considered
approximately the same over all the emission region.

3.4.1 O as a function of time

To find the predicted light curves, we need to find 6 as a function
of time in our scenario. By choosing the z-axis along the orbital
angular momentum, the velocity of the ejecta can be written as

B = B (sin Ax cos Q, sin A sin Q, cos Aw), (23)

where Q =27t/T is the orbital angular velocity and the half-
opening angle of the cone A« is defined in equation (16) [see
also Fig. 3]. The velocity of the ejecta gives the direction of the jet
axis. Writing the unit vector in the direction of the observer as

it = (sin 6y, 0, cos 6y) 24)
then the cosine of the viewing angle is given by

g
COS Oops = 7 = sin 6, sin Ax cos Q2f + cos 6y cos Aa. 25)

7We do not consider here the effect of magnetic fields on the trajectory
of individual plasma elements, which may be forced to move on curved
paths (Camenzind & Krockenberger 1992). Thus, our scenario differs from
models with single/multiple emitting blobs following helical trajectories (see
for example Villata & Raiteri 1999; Rieger 2004). This is not in contrast
with the presence of synchrotron emission, which requires magnetic fields:
in order to deviate the ejected plasma from straight lines, the energy of the
jet needs to be dominated by the Poynting flux, and this is unlikely to be
the case for the region where most of the observed beamed radiation comes
from (see for example Sikora et al. 2005).
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Figure 5. Normalized light curves calculated for ¢ = Ao = 2°5. Different
curves correspond to different jet models: I'y = 20, ', =2, 2 = 0.1 (blue,
solid)and I'y =7, ', = 2, A = 0.1 (red, dashed). Time is expressed in units
of the orbital period T.

3.4.2 Light curves

Light curves simply follow equation (7), where 6,5 as a function
of time is given by equation (25). In this section, we discuss light
curves normalized to their time-averaged value F, so that overall
scaling factors are not important.

Let us consider first the total flux over all wavelengths. This
follows the factor between square parentheses in equation (9). In
Fig. 5, we show some examples of such light curves calculated us-
ing 6p = Aa = 225 (in this case 0, oscillates between 0° and 5°).
The blue, solid line shows our fiducial model with I'y =20, ", =2
and A = 0.1. The light curve has an extremely weak dependence on
the values of I'; and A, provided that the emissivity at 6,ps = 0° is
still dominated by the spine. Instead, decreasing (increasing) I'; de-
creases (increases) the luminosity contrast F,x /Fnin and increases
(decreases) the width of the maxima.® It is simple to figure out the
reason why this happens: while 6, is oscillating, the total flux
remains comparable with Fy.x if 6ps < 1/, and hence for a frac-
tion ~7t/ I'; of the time. This effect can be clearly seen in Fig. 5 by
comparing the blue solid curve, which is for I'; = 20, with the red
dashed curve, which is for I'y = 7.

Since I'; controls the luminosity contrast Fi/Fmin, One might
be led to think that the observation of a periodic light curve allows
us to determine the Lorentz factor of the spine, I";. However, this is
not the case since I'; is degenerate with the geometrical parameters
0o and A«. For example, the light curve calculated for 6, = 2?5,
Aa =225, =7,I', =2 and A = 0.1 is almost identical to that
for0y =08, Aa =028, ") =20, =2 and A =0.1.

Light curves for particular spectral bands can be calculated in a
similar way from equation (7). Note that it is often not necessary
to know in detail the form of jj, but is enough to know some
characteristics of the emission (for example, the index n if j, is a
power law, see equation 10). We will see an example of this when
we calculate the light curves for PG 15534113 in Section 4 below.

8 The maximum and minimum fluxes, Fpax and Fiin, are obtained for
Oobs = 0° and Oyps = 5°, respectively.

A model for periodic blazars 167

3.5 Masses and separation as a function of observables

The entire history of human affairs has a finite extension in time,
and even shorter is the history of astronomy. This puts a limit on the
longest period that we have been able to observe with our telescopes
to date, which is T < few yr. Moreover, if the model described is
to be applied to a real system, we need oscillations of the viewing
angle of order A6,s ~ few degree in order to have easily detectable
observational consequences (see Fig. 2).

These two facts can be used to constrain mass M and separation R
of a binary system to which our model applies. From equations (14)
and (17), we find for the separation between the SMBH:

1
R=13x10' (ﬂ) Ty (Afope5) cm (26)
q
and the total mass
14+g¢g } 3
M=1.7x 10 (7) T5 (Aboss)” M@, 27)
q

where we have introduced the quantities Abfoys 5 = Abops/5° and T
= T/2 yr. The numerical factors on the right sides of equations (26)
and (27) provide typical values for systems to which our model
could apply.

Finally, a binary system such as the one considered here can
decay due to emission of gravitational waves. This also constrains
the allowed parameters for our scenario. Assuming circular orbits,
the binary SMBH gravitational-wave emission decay time is (Peters
& Mathews 1963)

5 ¢ R*

T - - -
YT 256 G MAMgM

3
3.9 x 10% (ﬁ) Ty (Abas)  yr. (28)

where we have used equations (26) and (27). In order to avoid
extremely short time-scales for the orbital decay, we need to assume
that the jet is carried by the secondary SMBH (i.e. g 2 1). This was
suggested in the case of OJ 287 (Neronov & Vovk 2011), the first
blazar with clear evidence of periodic variability and a candidate to
harbour a system of binary SMBHs.

We can ask whether the few years time-scale over which we ex-
pect to observe our scenario has a physical meaning or whether it
is a mere consequence of selection effects. As we have just seen,
shorter periods are unlikely due to orbital decay by gravitational
waves emission. Longer periods, even though we would have not
been able to observe them yet, are also not allowed in our scenario:
the deflection angle depends on the speed of the SMBH and hence
for longer periods it becomes too small and therefore undetectable,
unless the total mass M is extremely large (to get T ~ 10° yr with
A5 ~ few degree, one needs M ~ 10'"M@; see equation 27).
However, there are a number of other effects that can cause pre-
cession on longer periods, such as Lense-Thirring (see Begelman
et al. 1980, and also Section 3.2.2; time-scales of 10>~10* yr) or
spin—stellar disc interaction (Merritt & Vasiliev 2012, time-scales
of 10’-10' yr). It would be difficult to disentangle these effects
observationally (apart from arguments based on the expected time-
scale). However note also that as we noted in Section 3.2.2 if a
periodicity due to LT is present on the 10>°~10%yr time-scale, then it
must be accompanied by a few years periodicity due to the orbital
motion as depicted in our scenario.
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Table 1. Parameters of our representative model for PG 1553+113.
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Figure 6. Normalized light curve in the optical (blue dots) and gamma (green dots) bands. The vertical lines (and their colours) correspond to the spectra
shown in Fig. 7. The black line shows the prediction of our representative model, which also simultaneously reproduces the spectra using the same set of
parameters. Optical points are R-band observations from the Tuorla blazar monitoring program http://users.utu.fi/kani/Im (extracted from Ackermann et al.
2015). Gamma-ray data from the Fermi/LAT observatory at E > 100 MeV with 20-d bins, extracted from Ackermann et al. (2015). From MJD 57219 to 57613,
the gamma-ray flux was computed through the ASDC online scientific data analysis http://www.asdc.asi.it.

4 APPLICATION TO PG 1553+113

In this section, we apply our scenario to the BL-Lac object
PG 1553+4113. This source has recently been found to show a quasi-
periodic modulation (7ops = 2.18 £ 0.08 yr) of the light curve at
optical-UV and gamma wavelengths (Ackermann et al. 2015).° In
the radio, there are some claims of periodicity (although not in phase
with the other frequencies), but the situation is more controversial.

The spectral energy distribution (SED) of PG 15534113 (at a
fixed observation time) is well described by the usual one-zone self-
synchro-Compton model (SSC; Aleksi¢ et al. 2010, 2012, 2015).
However, these authors do not consider the quasi-periodic modula-
tion of the light curve on a few years time-scales.

Our model is constructed by combining the jet model in Section 2
and the scenario in Section 3. We manually explored the parameter
space, and in Table 1 we list parameters of a representative model
which reproduces both the light curve and the spectra simultane-
ously reasonably well. This is of course only a by-eye fitting, but is
enough for the purposes of showing an example of our scenario in
action.

The parameter space exploration went through the following
steps: (i) we use the same observed frequency, Qqps = 271/ Tops, Of
Ackermann et al. (2015); (ii) b, vp and vpF(vp) are chosen within
30 per cent the values obtained with a log-parabolic fit for the
most powerful spectrum. In particular, b is approximately constant
through different spectra and barely affects other characteristics of
the spectra and light curve, so it is easily found by doing a simple
log-parabolic fit to one of the spectra. (iii) we explore the other

9 Note that the observed period, Tobs, is longer by a factor 1 + z than the
orbital period, T, where z is the redshift of the source. Consequences of this
issue on mass and distance estimates will be examined in Section 4.4.

parameters in theranges 1 <I', <I'; <30,0 <A <1,0° <6y and
Aa < 10°.10

4.1 Light curves

We start by considering the observed light curves in the optical
and gamma (>100 MeV) bands, shown in Fig. 6 with blue and
green dots, respectively. Each light curve is normalized to the time-
averaged value of the flux. The quasi-periodic oscillations of the
two light curves are in phase with each other. This strengthens the
case for a geometrical interpretation for the periodicity such as the
one we are proposing.

The fluxes predicted by our representative model for the optical
and gamma bands can be found by integrating equation (7) over the
appropriate frequency range. However, it turns out that in our case
we can approximate both the optical and gamma-ray normalized
light curves using the expression in square brackets in equation (9).
For optical emission, the validity of this approximation can be ver-
ified directly by integrating equation (13), since it is part of the
synchrotron emission for PG 15534-113. For the gamma band, the
approximation can be justified from the following consideration.
If we look at the gamma spectrum (e.g. Aleksic et al. 2015, their
fig. 6), we see that it has a peak that is always contained within
the integration region of equation (7). Hence, most of the value of
the integral comes from the region around the peak and extreme of
integrations do not really matter.

Thus, the same normalized light curve can reproduce both the
optical and gamma light curves. This is nicely verified in Fig. 6,

10 The limits on T are consistent with the Lorentz factor usually measured
in blazars (see for example Urry & Padovani 1995). Those on the angles
satisfy the following requirements: (i) the blazar is observed at an angle
<1/T; (ii) the oscillation of the viewing angle does not imply unlikely high
masses (see equation 27).
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Figure 7. Left-hand panel: observed spectra in the optical-UV and X-ray bands, with different colours corresponding to different observation times (see the
vertical lines in Fig. 6). The dashed curves show the result of a log-parabolic fit (see equation 11), whose maxima are marked with black diamonds. Right-hand
panel: full black curves show the predictions of our representative model, superimposed on the same spectra shown on the left. The peak of each full black
curve is marked with a red dot. The dashed line joins the red dots to help visualization.

where the blue and green dots follow approximately the same curve.
The black line in Fig. 6 shows the light curve based on equation (9),
where the angle 6,5 varies in time as predicted by equation (25).
The predictions resemble the observations reasonably well, given
the uncertainties and the intrinsic optical variability typical of AGNs
and blazars. Indeed, even if our picture is true, observations could
still show periodic behaviour in an approximate way only, as we
do not account for any intrinsic variability of the source. Note that
the same model (same parameters) is also able to simultaneously
reproduce the spectra, as shown in Section 4.2. This is a strong
constraint: we verified that a better fit could be easily obtained if we
only aimed at reproducing the light curve, regardless of the spectra.

Our choice of parameter make 6, oscillate between 1° and 7°.
The parameters are chosen by visual inspection, and no attempt to
a more sophisticated analysis has been made. The predicted light
curve is quite sensitive to the value of 6, and Aa: for example,
changing one of these angles by ~1° modifies the amplitude of the
light curve by ~50 per cent.

As mentioned above, light curve does not show any clear pe-
riodicity in the radio band. If spatial extent of the radio emitting
region, which tends to increase at low frequencies (e.g. Ghisellini
& Maraschi 1989), is Z¢T then the periodicity may be washed out
for the reasons we explained at the end of Section 3.3. However, in
the case of PG 15534113 ¢T ~ 0.44 pc while the radio core in the
well resolved jet of the FRI galaxy M87 is a factor ~10-20 smaller
(Hada et al. 2011). Thus, to support this interpretation, the radio
core of the BL-Lac object PG 15534113 should be one order of
magnitude larger than what is actually observed in M87.

4.2 Optical-UV-X-ray spectrum

Here, we apply the same representative model of the previous
section to the Optical-UV and X-ray SED region, which for
PG 1553+113 includes the peak of the synchrotron emission.
The data have been collected by the Ultraviolet/Optical Telescope
(UVOT) and X-ray Telescope (XRT) instruments onboard the Swift
satellite; details of the reduction and analysis are reported in Ap-
pendix B. In the left-hand panel of Fig. 7, we show the observed
spectra in the optical-UV bands, with different colours correspond-
ing to different observation times (see the vertical lines in Fig. 6).
The dashed curves show the result of a simple log-parabolic fit (see
equation 11), whose peaks are marked with black diamonds. These

maxima are displaced on a line with slope & ~ 1 in the log (vF)—
log (v) plane: this cannot be explained with a jet with material all
moving at the same Lorentz factor, but it can by a jet with a spine—
sheath structure (see the discussion in Section 2.3.2).

The right-hand panel shows the predictions of our representa-
tive model (black lines) superimposed to the observations.'! The
black curves are equally spaced (A6,s = 1°) between Oyps = 1°
and 0,5 = 7°. The peaks of the black lines are marked with the red
dots and the dashed line joining the dots helps visualization. The
agreement between theory and model is as good as the error bars on
the data allow. Our goal is not to provide a precise fit to each single
spectrum (which would require a different set of parameters for
each spectrum). Instead, we aim to explain simultaneously all the
spectra reasonably well with a single set of parameters, focusing on
some global features (e.g. the line of the position of the peaks), and
to show that the same parameters also reproduce the light curves.

4.3 Gamma-ray spectrum

A proper analysis of the gamma portion of the spectrum within our
model would require the following: (i) to model the gamma-ray
emission properly one has to account for the attenuation of ~TeV
photons by pair production with the extragalactic background light
(see for example Aharonian 2004); (ii) the relative contribution to
the gamma-ray emission of SSC (Jones, O’dell & Stein 1974) and
Comptonization of the external radiation field from the disc (Der-
mer & Schlickeiser 1993), the broad line region (Sikora, Begelman
& Rees 1994) or the dusty torus (Btazejowski et al. 2000; Arbeiter,
Pohl & Schlickeiser 2002) is still unclear; (iii) even in the simplest
SSC scenario one has to consider the re-processing of synchrotron
photons from the spine (sheath) by the electron population in the
sheath (spine), which depends on some weakly constrained param-
eters (Sikora et al. 2016). Investigation of these issues is out of the
scope of this work, and hopefully will be the subject of further study.

"' One may argue that the Optical-UV—X-ray spectrum predicted from
our phenomenological emissivity is then modified since some photons are
Compton-scattered to higher energies and are eventually observed in the
gamma part of the spectrum. However, from the spectrum of the source (see
for example Aleksi¢ et al. 2010, 2012, 2015) we have estimated that only a
negligible fraction ~10~* of the synchrotron photons are scattered to higher
energies.
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4.4 Estimates of system parameters

From our model, we can derive the physical parameters of the
system.'> One has to pay attention that the observed period Typ,
is longer than the binary period 7T (as given by equation 14) by
a factor 1 + z, where z is the redshift of the source. The redshift
of PG 15534113 is not known, but a sound range around z ~
0.5 was established with different methods (Danforth et al. 2010;
Yang & Wang 2010; Abramowski et al. 2015; Aliu et al. 2015).
Hence, according to our model, the intrinsic period of the binary
is T >~ 1.45 yr. Using T, = 0.73 and A8 5 = 1.2 (remember
that Afps = 2Aa = 6°) in equation (26) and (27), we find for the
separation and the total mass of the SMBH binary:

R=1.1x10"° (lﬂ) cm, (29)
q
1 3

M=21x10° (72} Mq. (30)
y ®

The time-scale for coalescence due to the emission of gravita-
tional waves can be derived from equation (28):

3
q

Tow = 1.1 x 10*q [ —— : 31

GwW x 10%¢g (1 n q) yr (€2Y)

We stress again that the jet needs to be carried by the secondary

SMBH (i.e. ¢ 2 1) in order to avoid an extremely short TGy .

5 CONCLUSIONS

In this paper, we have discussed a scenario in which a binary system
of SMBHs can give rise to a jet precessing periodically with time-
scale of ~ few years. The jet is preferably carried by the least
massive of the couple and we have discussed several effects that can
make it precess. It turns out that the dominant effect (i.e. the one
that causes the jet angle to vary by the greatest amount) is simply
the imprint of the SMBH orbital speed on the jet. Gravitational
deflection and Lense—Thirring precession are second-order effects.

Our scenario applies to systems whose periods are of the order
of a few years and whose masses are of the order of 103 M. The
jet forms a corkscrew pattern in space, and depending on where and
on what scales the emission is formed along this pattern we expect
a periodic or non-periodic signal. However, when the signal is non-
periodic, we still expect some signature of the corkscrew pattern if
the source can be resolved.

To make our scenario more concrete, we have modelled the jet
with a spine—sheath structure and we have modelled phenomeno-
logically the synchrotron emission. One of the main features of this
modellization is that it allows the peak of the synchrotron spectrum
to move not necessarily with a slope of £ = 3 in the log (vF)-log (v)
plane. Since the binary system scenario and the jet model are in-
dependent, in future application it will be possible to use either of
these and combine it with a different version of the other, for exam-
ple involving a different jet structure or a different mechanism for
jet precession.

The observational counterpart of our scenario may be a blazar
whose emission varies periodically with time. As an example, we

12 The results presented here have to be interpreted as reasonable estimates
of the system parameters, not as a precise measurement. To do this, one
would need to explore systematically the parameters degeneracy and to go
beyond our simple, spin-aligned scenario, which is outside the scope of this
work.

have applied our scenario to the recently claimed periodic blazar
PG 1553+113. We have found that our model can simultaneously
explain the light curves in the optical and gamma band and the
synchrotron optical-UV spectra at different times. We have also
speculated on why the radio emission does not show a clear peri-
odicity, blaming the fact that radio emission is created further out
and over longer scales than the optical and gamma emission. We
have not attempted to model the gamma spectrum, as this requires
an analysis which is outside of the scope of this paper. Finally, we
have given estimates of the masses and separation for the system.
We have not discussed the mechanism that produces the jet.
Instead, we merely assumed a jet is present. Such assumption is
justified by the fact that we do see jets occurring in nature, but the
mechanism that produces such jets is still a major open problem
in astrophysics (see for example Livio 2009). In a binary system
scenario such as the one discussed in this paper, the situation is even
more complicated and less well studied. Hopefully, some much
needed progress will be made in this direction over the next years.
Other directions for future work include: (i) the study of more
sophisticate emission models, including a self-consistent scenario
for the emissivity of gamma photons; (ii) a more careful consider-
ation of disc and jet dynamics/stability in binary systems (see for
example Farris, Liu & Shapiro 2011; Noble et al. 2012); (iii) the
application of our model to other systems. Up to date the other
most spectacular example of periodic blazar is OJ 287 (T ~ 12 yr).
However, due to the presence of a narrow double peak at maximum
brightness, the periodicity is more commonly interpreted as a result
of the smaller SMBH punching the accretion disc of the companion
during an eccentric orbit (see for example Valtonen et al. 2006,
2008). Hopefully, more detections of similar objects (see for exam-
ple Sandrinelli et al. 2016) will improve our understanding of the
underlying physical mechanisms that cause observed periodicities.
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APPENDIX A: DERIVATION OF EQUATION (3)

In this appendix, we derive the flux observed in the frame K (at rest
with respect to the emission pattern ¥) by an observer and whose
line of sight makes an angle 6, with the axis of the jet (equation 3).
As explained in the main text, we assume that all fluid elements
emit with a given isotropic emissivity jo(v") in their rest frames.
The emissivity in the frame K, in which the fluid is moving, can
be obtained by applying the usual special relativistic transforma-
tion rules (see for example Mihalas & Mihalas 1984; Rybicki &
Lightman 1986) and is given by
. N 2. [V
iy =% (5) - (A1)
v is the transformed frequency, i.e. the frequency in the frame K
of light whose frequency in the fluid element rest frame is v’. The
relation between the two frequencies is

v=24v. (A2)

The rest of the notation is explained in the main text. To find the
observed flux, we need to sum contributions over all fluid elements.
We assume that the jet is optically thin, thus the radiative transfer
equation reduces to
I(v,n) = /j(v, i) dx, (A3)
where (v, i1) is the specific intensity along the direction # in the
frame K. The integral is performed along the line of sight in the
direction 71, where dx is the length element along the line of sight.
The final step to obtain the flux is to sum specific intensities from
all line of sights intersecting the jet. For an observer located very
far from the jet, at a distance D >>> L where L is the height of the
cylinder, the flux is given by
. 1 U
F(v,n) = D /2 j,a)dv, (A4)
where dv is the volume element and the integral is performed over
the whole cylindrical emission pattern X. Note that this integral
does not depend on the particular shape of the emission pattern,
but only on its total volume and on the amount of material present
at each velocity. Hence, our result is valid for other geometries

provided that the total amount of material at velocity I'; and I'; is
the same.
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Table B1. Summary of the observations performed with Swift on PG
1553+113 and used in this work. Obs ID: unique Swift ID identifying
the pointing. MJD: Modified Julian date. Duration of the observation, in ks.
XRT observation mode; PC: photon counting, WT: windowed timing.

Obs ID MJD Duration (ks) XRT mode
00031368051 56393 22 PC
00031368053 56420 2.0 PC
00031368061 56455 2.0 WT
00031368069 56749 1.1 WT
00031368076 57022 2.1 WT
00031368081 57032 2.0 WT
00031368091 57091 0.8 WT
00031368092 57094 1.2 WT
00031368100 57109 1.4 WT
00031368104 57147 1.2 PC
00031368111 57200 1.0 PC
00031368126 57261 1.7 PC
00031368130 57301 1.7 PC
00031368132 57391 1.4 PC
00031368141 57471 14 PC

Plugging equation (A1) into equation (A4) and integrating over
the volume of the cylindrical emission pattern, we finally find

.. TLR} ,. (v ,. [V
F(Vs")=7 A87 jo 5 + (I = 285 jo 5| (A5)

where 0 < A <1 is given by
e (BY (A6)
=\& )"

APPENDIX B: DATA DESCRIPTION
AND ANALYSIS

The Swift satellite (Gehrels et al. 2004) observed PG 1553+113
since 2005 during outbursts and almost regularly since 2013. 15
observations from 2013 April to 2016 April have been chosen
to cover the different phases of the periodic modulation. These
are listed in Table B1. The selected snapshots have been ob-
served simultaneously with the XRT (Burrows et al. 2005,
0.2-10.0 keV), and with all six filter of the UVOT (Roming et al.

2005, 170-600 nm). The XRT data were processed using the FTooLs
task xrtpipeline (version 0.13.2), which is distributed by High
Energy Astrophysics Science Archive Research Center within the
HEASOFT package (v6.19). Events with grades 0-12 were selected
for the data (see Burrows et al. 2005) and corresponding response
matrices available in the Swift CALDB version were used. The data
were collected in photon counting (PC) mode and windowed timing
(WT) mode. When the source count rate in PC mode was higher
than 0.6 counts s~ the pileup was evaluated following the standard
procedure.'® Observations affected by pileup were corrected mask-
ing the central region 7.1arcsec. The signal was extracted within
an annulus with inner radius of 3 pixels (7.1 arcsec) and outer ra-
dius of 30 pixels (70 arcsec). Events in different channels were
grouped with the corresponding redistribution matrix (rmf) and an-
cillary (arf) files with the task grppha, setting a binning of at least
25 counts for each spectral channel in order to use the chi-squared
statistics. The resulting spectra were analysed with XSPEC version
12.9.0n. We fitted the spectrum with an absorbed power law us-
ing the photoelectric absorption model tbabs (Wilms, Allen &
McCray 2000), with a neutral hydrogen column density fixed to its
Galactic value (N = 3.67 x 10% cm~2; Kalberla et al. 2005).

UVOT data in the v, b, u, wl, m2, and w2 filters were reduced
with the HEASOFT package v6.19 using the uvotsource task. We
extracted the source counts from a circle with 5 arcsec radius cen-
tred on the source and the background counts from a circle with
30 arcsec radius in a near, source-free region. Conversion of mag-
nitudes into dereddened flux densities was obtained by adopting
the extinction value E(B—v) = 0.054 as in Raiteri et al. (2015),
the mean galactic extinction curve in Fitzpatrick (1999) and the
magnitude-flux calibrations in Poole et al. (2008). Statistical uncer-
tainty on magnitudes of the order of 0.03 mag, on the zero-point
UVOT calibration 0.02-0.06 mag and the count rate to flux correc-
tion (see for example Poole et al. 2008) have been propagated to
estimate the error on the flux, resulting in a 4 per cent to 6 per cent
uncertainty.

13 http://www.swift.ac.uk/analysis/xrt/pileup.php
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