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The peculiar close binary system AR Scorpii, since its discovery in 2016, sparked huge inter-
est due to its peculiar multi-frequency emission from radio frequencies to X-ray energies. The
multi-frequency Spectral Energy Distribution (SED) from this system is dominated entirely by
non-thermal emission from radio to X-ray energies, which resulted in several theoretical papers
appearing in literature that attempted to explain the peculiar multi-frequency properties of this
enigmatic source. In this paper, an emphatic theoretical framework will be presented to explain
the multi-frequency SED of AR Sco, as well as a model to explain the possible origin and evolu-

tion of this enigmatic source.
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1. Introduction

The discovery of the close binary system AR Scorpii (AR Sco) exhibiting very significant
multi-frequency pulsed emission form radio to optical frequences ([1]) sparked huge interest in the
astronomical community (see Fig. 1). The system consists of a 0.8-1.29 M., white dwarf orbiting
a 0.28-0.45 M- M5 secondary star with an orbital period of Py, = 3.56hours. These estimates are
based on the fact that the secondary is a Roche lobe filling star, based on ellipsoidal variations of
the optical light curve (see Fig.2). However, the lack of evidence of mass transfer may imply that
the secondary may be slightly detached. The distance to the source is approximately d ~ 116pc
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Figure 1: The multi-frequency Spectral Energy Distribution (SED) of AR Scorpii from radio to X-ray
frequencies. The red and blue curves represent model atmospheres of the red M5 secondary dwarf star (T =
3100 K) and white dwarf (T = 9750 K) respectively. Adopted from [1].

Closer investigation (e.g. [1]) of the pulsed emission superimposed on the orbital modulation,
reveals strong pulsed emission at a period of of P53 = 1.97min (118.2 s), which is a beat period
between the white dwarf spin period of P = 1.95min (117.1 s) and the orbital period of the binary
Poy = 3.56hr. Low resolution optical observations performed at the UFS-Boyden Observatory
outside Bloemfontein (SA) illustrate the double-pulse nature of the periodic modulation in the
period range around the spin and beat periods of the white dwarf (see Fig. 3). This double pulse
implies emission and consequential pumping of the secondary from both polar caps of the spinning
white dwarf. This double pulse is clearly visible in a periodogram, revealing the double pulse
rotation and beat periods at the fundamental and first harmonic (see Fig. 4). The beat period
is more prominent at the first harmonic around 17mHz, where two distinct pulses are observed,
namely the spin frequency (on the right) and the beat (on the left).
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Figure 2: The orbital modulation from AR Scorpii in R-band, showing ellipsoidal variations that may be
due to a Rochle lobe filling (or nearly lobe filling) secondary star. Superimposed on this orbital light curve,
optical pulsations can be seen, the nature of which wil be discussed shortly. Adopted from [1].
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Figure 3: The system shows strong double pulsed emission close to the spin period of the white dwarf, illus-
trated by this low resolution optical light curve that was obtained from optical observations performed using
the UFS-Boyden 1.5 m telescope equipped with an Apogee U 55 CCD camera at the Boyden Observatory
outside Bloemfontein, South Africa. Data supplied by Me. H. Szegedi (M.Sc Student)

Recent high-speed all-Stokes optical polarimetry of AR Sco ([2]), utilizing the South African
Astronomical Observatory (SAAO) HIPPO polarimeter ([3]) on the 1.9 m telescope, reveals strong
linear polarization of the double pulse emission at levels up to 40 %, with significantly lower levels
of circular polarization(< 10%) ([2].

Pulse timing studies over a baseline of 7 years ([1]) show that the white dwarf is slowing down,
resulting in a frequency derivative —V; wq = 2.86 x 1077 Hz s !, which for a ~ 0.8 M, white dwarf
(Rwa ~ 0.01R), infer in a spin-down luminosity of approximately Ly, , ~ 1.5 X 1033 erg s~1 [1]).

Another peculiar property of AR Sco is the ratio of the X-ray to spin-down luminosity of
the white dwarf, i.e. Ly ~ 1073L“}s,w 4» similar to the white dwarf in the nova-like variable system
AE Aquarii ([4]). This places both these white dwarf binary systems in the same class as the
spin-powered pulsars ([S]) (see Fig. 6). This implies that the multi-frequency emission in both
these sources are driven by the spin-down of the white dwarf and not by mass accretion from the
secondary star. The observed spin down of the white dwarf in AR Sco allows an upper limit to be
placed on the magnetic field strength of the white dwarf if one infers that magnetic dipole radiation
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Figure 4: Periodograms from radio to optical (HST), all revealing the strong double pulse beat period
between the spin and orbital periods of the system. The beat pulse and the spin frequency are most prominent
at the first harmonic, close to 17 mHz. The peak on the left represents the beat while the peak on the right
represents the spin frequency. Adopted from [1].

(e.g. [6]) alone drains the rotational kinetic energy. Based upon this assumption, it can be shown
(see [2]) that the magnetic field upper limit for AR Sco is

1/2
3¢3Ly P, > ’ (LD

Bi.siny = [ ———= %<
L SINZ (2(27:)4R$Vd

which results in (assuming a magnetic inclination angle y = 90°)

Ly, V20 P\ Rwq -
Bi. < > MG. 1.2
1 < 500 <1.5 x 1033 erg s1> 117s 5.5x108cm G (12)

Based on the orbital separation (see [2]) between the highly magnetic white dwarf and sec-

ondary star, the magnetic field of the white dwarf at a distance equal to the binary separation, i.e.
at a distance equal to the center of the secondary star, is

Bisec = B« (Rwa/a)’
B . a _3 Rya
<1 ’
- 60(SOOMG)(S X 10100m) (5.5 x 108 cm

It is believed that magnetic interaction between this white dwarf field with the coronal fields of

) G. (1.3)

the secondary star, plays a very important role in the peculiar multi-frequency emission from this
enigmatic source.
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Figure 5: Pulsed linear polarization observed with the HIPPO Polarimeter on the SAAO 1.9 m telescope at
Sutherland (SA). Strong linear polarization of up to 40 % and has been observed, with significantly lower
level of circular polarization. The 360° swing in the position angle is consistent with synchrotron emission
produced in the magnetospheric fields of a rotating magnetic dipole, strengthening the notion that AR Sco
contains a white dwarf pulsar. Adapted from [2].

The paper will be structured as follows: In the next section a brief discussion of the observed
Spectral Energy Distribution (SED) of AR Sco will be presented. In the section following that
a model will be presented to explain the multi-frequency SED of AR Sco from radio to X-rays,
followed by a brief discussion of the possible evolution of this system and finally, some conclusions.

2. The Multi-Frequency Spectral Energy Distribution (SED) of AR Sco

In a recent study ([2]) the Spectral Energy Distribution (SED) of AR Sco (see Fig. 1) has
been analysed as a two-component non-thermal spectrum. The first component shows a v, o< v!3
slope between 10 000 MHz - 5000 GHz, resembling a superposition of synchrotron flares produced
by expanding synchrotron emitting plasmoids ([7]), similar to the nova-like variable AE Aquarii
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Figure 6: The x-ray luminosity versus spin-down power of spin-powered neutron stars, compared to both
the white dwarfs in AR Sco and AE Aquarii. Adapted from [5].

0-2 optically thin synchrotron spectrum

([8, 9]), while the second component resembles an VS, o< v
between 10'*Hz — 10" Hz. The SED (see Fig. 1) strongly suggests that these are separate com-
ponents produced by different processes and perhaps also in different locations inside the binary
system. This implies that the whole SED from radio frequencies to perhaps X-ray energy is pro-
duced entirely by the non-thermal synchrotron cooling of relativistic electrons in the binary system,
albeit at different locations and driven by different processes. A detailed theoretical framework that
could explain the entire SED was presented by ([2]). These processes will be discussed in more

detail in the next sections.

3. Modelling the Multi-frequency SED of AR Sco

The multi-frequency properties of AR Sco resulted in significant interest since the discovery
paper ([1]) was published, with several theoretical papers appearing in close succession attempting
to explain the peculiar multi-frequency emission of this system (e.g. [10, 11, 12]). A theoretical
framework to evaluate the multi-frequency emission of AE Aquarii was presented in (see [2]),
which will be the focus of the discussion in the following section.

3.1 The Radio-IR SED: Magnetic Pumping of Secondary Star

The ellipsoidal variations seen in optical light curves suggest that the secondary star in AR Sco
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is filling, or nearly filling, its Roche lobe. This would imply a fast rotating secondary star, whose
rotation is phase locked with the binary rotation period, namely P, = 3.56hour. Recently it has
been shown that fast rotating M-dwarf stars can have substantial surface magnetic field strengths
in excess of 1 kilo Gauss (e.g. [13]). Furthermore, it has been shown that magnetic braking of
secondary stars in close binaries can be a powerful drain of angular momentum that may drive mass
transfer in close binary systems ([14]). Based on different classes of dynamo laws (e.g. [15] for a
detailed overview), the mass transfer in secondary stars have been modelled for different saturated
field (SF) and unsaturated field (USF) dynamo laws. This resulted in estimates for, among other,
surface polar magnetic field strength versus orbital period.
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Figure 7: The secondary star surface polar magnetic field strength versus orbital period, based on a Mestel
and Spruit wind model for saturated (SF) and unsaturated (USF) fields. Adopted from [16].

It has been shown that the dynamo will saturate for very short rotation periods of the secondary
star (e.g. [15]). Incorporating the field saturation, it can be shown that surface polar fields of 3 kilo
Gauss ([16]) can be generated, in accordance with the observed values for fast rotating M dwarfs,
quoted by Landstreet & Donati (i.e. [13]).

Interaction between the fast rotating magnetosphere of the white dwarf and coronal fields of
the magnetized secondary star can generate field aligned potentials that accelerate charged particles
to high energies. For example, it can be shown that the compression of the secondary star’s coronal
fields by the white dwarf field sweeping periodically across it, can generate potentials ([17]) of the
order of
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where we assumed AB; — Bjy; ~ 700G represents the maximum perturbation induced in the

coronal loops of the secondary star, based on the field strength of the white dwarf at the surface of
the secondary star close to the L1 region.

Potentials of this magnitude can accelerate charged particles like electrons then to energies
% — 400, which can result in synchrotron emission in average coronal fields of ~ 100 Gauss to
frequencies up to

Veyn ~ Y2eB/(2mmec) < 4 x 10" (%/400)*(B/100G) Hz, (3.2)

i.e. in the infrared regime where the observed vS, o« v% (o4 = 1.3) spectrum. peaks. The con-
tinuous pumping of the coronal loops may result in the generation of relativistic electron clouds
trapped in the coronal fields, that may result in a superposition of synchrotron flares from these
expanding clouds, similar to the radio flares seen in the novalike variable AE Aquarii (e.g. [8, 9].

3.2 Optical-X-ray SED: Pulsar Emission and Striped Wind

The absence of mass transfer from the secondary star in AR Sco implies a binary system with
very low plasma density. If the plasma density in the binary system is low enough, i.e. close to or
below the Goldreich-Julian density ([18]),

(B
G-I = 2mec
Pd ! B, _
3x10° [ =2 3 3.3
8 <117s> <500MG> o (3-3)

field aligned potentials may grow along the open magnetic field lines cutting through the light

IN

cylinder (r), i.e. where the corotating field has a velocity equal to the speed of light (¢ = @ywqric)-
For AR Sco r. = 6 x 10“(a)wd /0.054rad s_l)cm, which implies that the entire binary system
(a ~8x 1010(de/0.8M@)1/3 (Porb/3.56hr)2/3 cm (e.g. [2]) comfortably fits in the accelerator
zone. For AR Sco, it can be shown ([19, 2]) that potentials of the order of

—-5/2
Py u R,
AV ~ 102 [ X& Volt 3.4
<117s> <8>< 1034Gcm3> (5.5>< 1080m> © 4

can be induced between the white dwarf and the light cylinder. This electric field can produce a

relativistic wind of electrons (and ions), with energies of the order of . ~ 10°, which will emit
synchrotron radiation at frequencies up to Vsyn < 3 x 1017(B./0.4G)(%/10°)? Hz (soft X-rays) in
the vicinity of the light cylinder radius. Since the whole binary system is inside the accelerator
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zone, i.e. the light cylinder radius, this emission may be modulated at both the spin and beat
periods.

However, an attractive alternative situation also presenting itself occurs if the rotating magne-
tized white dwarf is an oblique rotator. Then the magnetosphere, outside the light cylinder radius
(r1c), behaves like a relativistic wavy magnetic wind consisting of alternating regions of opposite
polarity (see Fig. 8) due to the field contributions of both magnetic poles, i.e a "striped wind"
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Figure 8: A representation of a relativistic "striped wind" consisting of regions of opposite magnetic polarity.
Adopted from [20].

For these striped winds the inclination angle ¥ between the rotation and magnetic axes de-
termine the amplitude of the zones of opposite magnetic polarity, e.g. see Fig 9 for a graphic
representation of the helicity for two inclination angles, i.e 6° (top) and 26° (bottom) (e.g. [21]).

An attractive feature of the relativistic striped wind outside the light cylinder is that mag-
netic reconnection in the zones of opposite polarity can result in particle acceleration, and the
synchrotron emission, even at moderate energies in the frame of the wind, can be Doppler boosted
to high energy and will be pulsed (e.g. [22]). Particle acceleration in a striped wind scenario can
occur through either current dissipation in the wind zone, or dissipation of the wind in a termination
shock (e.g. [22]).

The condition for pulsed emission is that delay in Doppler boosted emission on a specific wave
front beamed towards the observer (see geometry depicted in Fig. 10), i.e.

At = —

1 —cos0)R,
_ (1=cosB)R (3.5)
c
is less than the time delay between successive wave fronts, i.e. AT = (Al/c). For highly

relativistic flows, 8 ~ (1/T") < 1, where I represents the bulk Lorentz factor of the wind, which
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Figure 9: A representation of a relativistic "striped winds" for two different inclination angles () )between
the magnetic and rotation axes, i.e. 6° (top) and 26° (bottom). Adopted from [21].

implies that

R,

At % ——.
212¢

(3.6)

A consequence of this beamed emission on relativistic outward moving wave fronts is that pulsed
emission at the rotation period of the pulsar is observed from a region with dimension

R, < 27l%n. (3.7)

which will still appear point-like from the observer’s perspective. However, it has been shown
earlier that the AR Sco binary system fits comfortably inside the light cylinder, which implies that
the beat period will possibly be imprinted on this emission as well.

4. The Evolution of AR Sco

The short rotation period (P, & 117 s) of the white dwarf in AR Sco suggests that the system
perhaps evolved from a high mass transfer history where the white dwarf was spun-up to a period
that is shorter than the current spin period of the white dwarf, similar to the evolution proposed
for the novalike variable AE Aquarii ([23, 24]). The observed spin down of the white dwarf ([1])
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Figure 10: Doppler boosted emission towards the observer will be pulsed if the difference in light travel time
between zones on the same wave front beamed towards the observer (AR) is less that the distance between
two wave fronts Al = 7r|. of different polarity. Adopted from [22].

infer a spindown time scale of approximately T,y ~ 107 yr ([1]). The continuous interaction of the
highly magnetic white dwarf with the magnetic secondary star, dissipates magnetic energy inside
the envelope at a rate W = (B*/87)(4nR38) @y, where B is the estimated magnetic field of the
white dwarf at the distance of the secondary star, @y is the beat period angular velocity of the white
dwarf and where 6 = /2Ny, /@, represents the dissipation depth of magnetic energy, where 1y, is
the turbulent plasma resistivity (e.g. [2] and references therein). The dissipation of magnetic energy
exerts a torque on the white dwarf Tp = (W /@,) resuting in a synchronization timescale which is
given by ty, = Iy, /Tp, where [ is the moment of inertia of the white dwarf, which is of the order of
I~ 1.5x10°° g cm?. If we assume a 500 MG dipolar magnetic field for the white dwarf, the upper
limit derived from the dipole radiation, the field strength at the distance of the secondary star is
By ~ 160Gauss. For § ~ 108 cm, i.e. using Ny < 105 em?s~! ([25]), the magnetic torque exerted
on the secondary star is of the order Tp = (B, /87)(Rwa/a)®(47R3 &) ~ 10° erg. The resulting
spin-synchronization time scale for a 500 MG white dwarf with the secondary star is of the order of
fsyn ~ 2.5 X 103 yr. Combined with the magnetic dipole radiation energy loss this synchronization
time scale can in fact be shorter.

The eventual outcome of this synchronization process will be determined by the mass transfer
evolution from the secondary star, which seem to be currently in a hibernation phase (e.g. [26]),
perhaps after a nova eruption and severe mass outflow from the system driven by the large mass
accretion that resulted in the spin-up of the white dwarf to a short rotation period. The onset of
mass transfer from the secondary star over a time scale ¢ < fgy, Will perhaps drive the system
towards an Intermediate Polar, whereas if f;,¢ > f5y, the system may become a Polar.

5. Conclusions

The multi-frequency emission pulsar-like emission from AR Sco, from radio to X-rays fre-
quencies, not driven by mass accretion, results in AR Sco probably being the prototype of a binary

10
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system white dwarf pulsar. The only other system that could possibly also be a member of this cat-
egory, is the nova-like variable AE Aquarii. The multi-frequency emission of both these systems
is driven by the spin-down of the white dwarf, which makes these systems unique among the close
binaries and cataclysmic variables respectively. Although the conversion of spin-down energy to
possible high energy gamma-ray emission would be rather low, both these sources may benefit
form future studies with the Cherenkov Telescope Array (CTA), which will introduce a paradigm
shift concerning sensitivity in the energy regime above 20 GeV.
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