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ABSTRACT

We present results from an emission code that assumes millisecond pulsars to be sources
of relativistic particles in globular clusters (GCs) and models the resulting spectral energy
distribution of Galactic GCs due to these particles’ interaction with the cluster magnetic and
soft-photon fields. We solve a transport equation for leptons and calculate inverse Compton and
synchrotron radiation to make predictions for the flux expected from Galactic GCs. We perform
a parameter study and also constrain model parameters for three GCs using y-ray and X-ray
data. We next study the detectability of 16 Galactic GCs for the High Energy Stereoscopic
System (H.E.S.S.) and the Cherenkov Telescope Array (CTA), ranking them according to their
predicted TeV flux. The spectrum of each cluster and therefore the detectability ranking is very
sensitive to the choice of parameters. We expect H.E.S.S. to detect two more GCs (in addition
to Terzan 5), i.e. 47 Tucanae and NGC 6388, if these clusters are observed for 100 h. The five
most promising GCs for CTA are NGC 6388, 47 Tucanae, Terzan 5, Djorg 2 and Terzan 10. We
lastly expect CTA to detect more than half of the known Galactic GC population, depending
on observation time and model parameters.

Key words: radiation mechanisms: non-thermal —pulsars: general — globular clusters:

general.

1 INTRODUCTION

Globular clusters (GCs) are among the most ancient bound stel-
lar systems in the Universe, consisting of 10*-10° stars (e.g.
Lang 1992). They are normally associated with a host galaxy and
most galaxies, including the Milky Way, are penetrated and sur-
rounded by a system of GCs. There are nearly 160 known Galactic
GCs (Harris 2010), and they are spherically distributed about the
Galactic Centre lying at an average distance of ~12 kpc.

The Fermi Large Area Telescope (LAT) has detected about a
dozen GCs (Nolan et al. 2012). The Astro Rivelatore Gamma a
Immagini Leggero (AGILE), which is an X-ray and y-ray instru-
ment, has, however, not detected any GC to date due to its lower
sensitivity. The ground-based Cherenkov telescope, the High En-
ergy Stereoscopic System (H.E.S.S.), which is operated in a pointing
mode (limiting the fraction of the sky it can annually observe) has
detected only a single cluster within our Galaxy, i.e. Terzan 5 at very
high energies (VHEs; >100 GeV, Abramowski et al. 2011). Other
Cherenkov telescopes could only produce upper limits (e.g. Ander-
hub et al. 2009). The future Cherenkov Telescope Array (CTA) will
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be about 10 times more sensitive than H.E.S.S. (Wagner et al. 2010)
and is expected to detect TeV emission from a few more GCs.
In addition, diffuse radio (e.g. Clapson et al. 2011) and diffuse
X-ray emission (e.g. Eger, Domainko & Clapson 2010; Eger &
Domainko 2012; Wu et al. 2014) have also been detected from
some GCs.

On the other hand, radio, X-ray and high-energy (HE) y-ray
pulsars have been detected in some GCs. For example, the bright
X-ray GC pulsar B1821—24 (Hui et al. 2009) was found in M28 via
radio observations (Lyne et al. 1987), making this the first ever pul-
sar later detected in a GC. Significant y-ray pulsations have since
been detected from it (Johnson et al. 2013). Bogdanov et al. (2011)
detected X-ray pulsations as well as a non-thermal spectrum from
PSR B1824—21, which is probably due to magnetospheric emis-
sion, an unresolved pulsar wind nebula or small-angle scattering of
the pulsed X-rays by interstellar dust grains. Furthermore, Forestell
et al. (2014) detected X-rays from four faint radio millisecond pul-
sars (MSPs) in NGC 6752, consistent with thermal emission from
the neutron star surfaces using Chandra data. Also the young, ener-
getic MSP PSR J1823—-3021A, which has a period of 5.44 ms and
an unusually high inferred surface magnetic field of 4 x 10° G was
discovered by Biggs et al. (1994) in a survey of GCs and then
detected by Fermi in NGC 6624 (Freire et al. 2011). Another
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example of point sources in GCs is afforded by the 25 radio MSPs
in 47 Tucanae (see Pan et al. 2016; Ridolfi et al. 2016; Freire
et al. 2017 for recent updates), 19 of which have been identified at
X-rays (Heinke et al. 2005; Bogdanov 2006). See Ransom (2008),
Freire (2013), Hessels et al. (2015) and Hui et al. (2009) for an
overview of radio and X-ray pulsars in GCs.

The pulsars are not detectable at optical wavelengths among the
stellar emission in the cluster, but some of their companions are (for
some recent examples, see e.g. Pallanca et al. 2010, 2013, 2016;
Mucciarelli et al. 2013; Cadelano et al. 2015; Rivera-Sandoval
et al. 2015), together with many other types of exotic binaries:
cataclysmic variables, active binaries and blue stragglers (e.g. Gef-
fert, Auriere & Koch-Miramond 1997; Heinke et al. 2003, 2005).
GCs thus form an important class of Galactic emitters of broad-band
radiation, both point-like and diffuse in morphology, and are prime
targets for deeper future observations by more sensitive telescopes.

Several models exist that predict the multiwavelength spectrum
radiated by GCs. Bednarek & Sitarek (2007) considered a scenario
where leptons are accelerated by MSPs at relativistic shocks that are
created when their winds collide with each other inside the cores
of these clusters. These leptons upscatter ambient photons via in-
verse Compton (IC) scattering, which may lead to unpulsed GeV
to TeV spectral emission components. Harding, Usov & Muslimov
(2005) furthermore modelled the cumulative pulsed GeV flux via
curvature radiation (CR) from MSP magnetospheres by assuming a
pair-starved polar cap electric field (e.g. Venter & de Jager 2005).
Venter & de Jager (2008a) modelled the cumulative pulsed CR from
100 such pulsars by randomizing over MSP geometry as well as pe-
riod and period time derivative. Venter & de Jager (2010) refined this
approach and could predict the GeV spectrum of 47 Tucanae within
a factor of 2 in both energy and flux level, prior to its detection by
Fermi LAT. Cheng et al. (2010) considered an alternative scenario
to produce GeV emission and calculated unpulsed IC radiation from
electrons and positrons upscattering the cosmic microwave back-
ground (CMB), stellar photons and the Galactic background. This
is in contrast to the usual assumption that the GeV emission mea-
sured by Fermi is due to pulsed CR. Bednarek, Sitarek & Sobczak
(2016) further developed a scenario in which they considered both
the diffusion process of leptons in a GC and also their advection by
the wind produced by the mixture of winds' from the population of
MSPs and red giant stars within the GC. They also considered the
spatial distribution of MSPs within a GC and the effects related to
the non-central location of an energetic, dominating MSP. Finally,
there is a hadronic model that attempts to explain the observed
TeV emission from Terzan 5 (Domainko 2011). For a review, see
Bednarek (2011) and Tam, Hui & Kong (2016).

In this paper, we use a multizone, steady-state, spherically sym-
metric model (Kopp et al. 2013), based on the work of Venter, de
Jager & Clapson (2009), that calculates the lepton transport (in-
cluding diffusion and radiation losses) and predicts the spectral
energy distribution (SED) from GCs for a very broad energy range
by considering synchrotron radiation (SR) as well as IC emission.
This model assumes the so-called MSP scenario where MSPs are
thought to be responsible for the relativistic particles that emit both
pulsed CR and unpulsed (SR and IC) emission. This paper therefore
represents an application of the Kopp et al. (2013) model and re-
ports on the detectability of Galactic GCs with H.E.S.S. and CTA by
using this model to systematically estimate the flux of all Galactic

! This type of intracluster medium has been detected in 47 Tucanae (Freire
et al. 2001).

GCs. The rest of the paper is structured as follows. In Section 2, we
discuss the transport equation solved in Kopp et al. (2013) to obtain
the steady-state electron spectrum, including the assumed parti-
cle injection spectrum, diffusion coefficients, radiation loss terms
and soft-photon target fields. In Section 3, we perform a parameter
study to investigate the model’s behaviour and to study the degen-
eracy between free parameters. Section 4 includes a discussion on
the parameters of three GCs that we have constrained using multi-
wavelength data and also a list of the five most promising GCs for
CTA based on their predicted VHE flux. We offer our outlook in
Section 5.

2 THE MODEL

In this paper, we use a model by Kopp et al. (2013) that calculates
the particle transport and observed spectrum for GCs. Below, we
summarize the major aspects of this model.

A Fokker—Planck-type equation (Parker 1965) prescribes the
transport of relativistic electrons and positrons in GCs. Neglect-
ing spatial convection, we have (Kopp et al. 2013)

on,
ot

where 7, is the electron density per energy and volume and is a
function of central GC radius rg, E. the electron energy, k is the
diffusion tensor, E, the radiation losses and Q the electron source
term.

Since H.E.S.S. detected a power-law spectrum for the VHE
source associated with Terzan 5, we assume that the particle injec-
tion spectrum is also a power law (see equation 2) between energies
E. min and E. .. Assuming that the source term Q is located at
7y = rip; and follows a power-law distribution, we have
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where I' is the spectral index, Qy is the normalization constant and
Nusp the number of MSPs in the GC. The normalization of the
injection spectrum requires
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with 7 the fraction of the average MSP spin-down power E.op CON-
verted into particle power (Bednarek & Sitarek 2007). Using the
Gauss theorem and assuming E. = 0 for the innermost zone, the
source term Oy, may be replaced by a boundary condition:
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with rp;, bounding the spherical region containing all particle
sources. While we duly note the non-asymmetric source distri-
bution of MSPs in GCs (e.g. in some GCs such as 47 Tucanae,
MSPs are located within a region with a radius of 1.7 pc, which is
larger than the core radius), for simplicity, this model implements
spherical symmetry. This forces us to assume that the pulsars are
located in the centre of the GC (within a radius r;, = 0.01 pc) as
a first approximation. The work of Bednarek et al. (2016) studies
the effect of MSPs occurring at different positions in a GC on the
predicted GeV and TeV flux.
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We assumed two different diffusion coefficients. First, for Bohm
diffusion we have

E.
i(Be) = kp— )

where k3 = c¢/3e, with ¢ being the speed of light, e the elementary
charge and B is the cluster magnetic field. We assume that B is a
constant. Secondly, we also consider a diffusion coefficient inspired
by Galactic cosmic ray propagation studies:

E.\“
k(Ee) = kg (Eo) ) (6)

with Ey = 1 TeV and o = 0.6 (e.g. Moskalenko & Strong 1998).

For IC scattering and SR, one needs to specify the energy losses
(E.). We follow Kopp et al. (2013) by writing the IC losses in
the general case (including both the Thomson and Klein—Nishina
limits; Blumenthal & Gould 1970) as

. k—1 Ey
Eic(Ee,ro, Ty) ==Y [ nej(re, 6, T2 L(Ee, Ey,£)de,  (7)
j=0 Eo

where k is the total number of (blackbody) soft-photon components,
ne, ; is the photon density of the jth blackbody emitter, ¢ is the orig-
inal photon energy, T; is the blackbody temperature of component j,
E,, represents the final energy of the upscattered photons and Ej the
electron rest energy. The collision rate ¢ is defined in Jones (1968).
One needs to specify the soft-photon densities in order to calculate
E\c. For ablackbody, Kopp et al. (2013) used a photon density (also
see Zhang, Chen & Fang 2008):

15Mrad.j(rs’ Tj) 82
(kg T )*

®

ns,j(rSa &, T/) =

e“BﬁiT/ —1 ,
where u,q ; is the energy density of the soft photons and «p is
Boltzmann’s constant. Kopp et al. (2013) used CMB, stellar photons
and the Galactic background radiation field in the position of the
GC. For the stellar-photon component, they used a line-of-sight
integration (see Bednarek & Sitarek 2007; Prinsloo et al. 2013):

8 ¢ I NeR2\ [7=R
ns,l(rs, e, T) = — —— - lol~ ()
h3ce3 el — | 2 RCZR o
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where £ is Planck’s constant, N, represents the total number of
cluster stars, which can be written as Ny, = Mo /m, with M, the
total mass of the cluster and m the average stellar mass. Here, R, is
the average stellar radius, R, indicates the core radius of the cluster
and R = 2Ry — 2R./3 — R?/R,, with Ry, the half-mass radius and
R, the tidal radius of the cluster. Kopp et al. (2013) used solar values
for R, and m, assuming that all stars in the simulation have a solar
radius and temperature 7 = 4500 K. Also, p(r') is the normalized
density profile of the cluster stars as used by Bednarek & Sitarek
(2007) based on the Michie—King model. In this study, we used
only the CMB and the stellar-photon field.

In the SR case, the loss rate (averaged over all pitch angles) is
given by (Blumenthal & Gould 1970)

Es(Ee.r) = =52 E2B(r), (10)
8m

with gsg = dorc/3E} = 327(e/Ep)*c/9, and where o't denotes the

Thomson cross-section. We follow and use the expressions in Kopp

et al. (2013) (valid for isotropic electron and photon distributions)

to calculate SR and IC scattering emissivities. We follow Kopp et al.
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Table 1. The reference model parameter values that resemble those of
Terzan 5.

Parameters Parameter values

Diffusion coefficient (k) Bohm diffusion
Magnetic field (B) 5uG
Injection spectral index (I") 2.0

Number of stars (Niot) 4.6 x 10°
Injection spectral normalization (Qp) 6.33 x 103 erg~! 57!

Distance (d) 5.9kpc
Core radius (R.) 0.21 pc
Half-mass radius (Rpm) 0.94 pc
Tidal radius (Ry) 17.4 pc

(2013) to calculate a 2D projected sky map of radiation from the
3D emitting GC.

3 PARAMETER STUDY

In this section, we perform a parameter study to investigate the GC
model’s behaviour upon varying six free parameters (see Table 1).
We use parameters that resemble those of Terzan 5. We also study
the degeneracy between the parameters with respect to the predicted
flux.

3.1 Timescales and reference model

We calculate different time-scales to study the dominant transport
processes as a function of GC radius r, and electron energy E.. The
diffusion time-scale is given by

2

Laiff = rfs- (11
2k
The total radiation time-scale is (e.g. Venter & de Jager 2008b)
Irad = L (12)
Esg + Eic

The effective time-scale is then given by (Zhang et al. 2008)
et 2 Lai + frad- (13)

In this section, we use the parameters listed in Table 1 to calculate
a reference model for the time-scales, particle spectrum and SED
graphs (using the structural parameters of Terzan 5; see Section 4.1).
We fix all parameters for the reference model but then just change
one parameter at a time as indicated in the subsequent sections. We
use 7 = 10percent for all graphs, i.e. the fraction of spin-down
power that is converted to particle power.

In Fig. 1, we plot the time-scales for the reference model, indicat-
ing diffusion (dash—dotted lines), radiation losses (dashed lines) and
the effective time-scale (solid lines) as a function of E. for different
values of r, (with larger values of r; indicated by thicker lines). The
IC cross-section drops as one goes from the Thomson regime at low
energies to the Klein—Nishina regime at high energies and therefore
SR dominates IC at the highest energies. We note that both 74 and
ISR = Ee/ESR scale as E~! as seen in Fig. 1. Close to the core, dif-
fusion dominates (i.e. particles will escape from a particular zone
before radiating). At larger radii, the situation is reversed and SR
losses dominate diffusion (since the diffusion time-scale scales as
r2). At intermediate radii, one can see the change in regime: for
rs = 0.12 R, with R, the tidal radius, the SR time-scale is only
slightly lower than the diffusion time-scale at the highest particle
energies, while SR dominates diffusion at ry = 1.2 R;.
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Figure 1. Timescale graph (diffusion indicated by dash—dotted lines, radi-
ation losses by dashed lines and the effective scale by solid lines) for the
reference model as a function of r¢ and E.. Thicker lines indicate larger
radii. The labels ‘IC’, ‘SR’ and ‘diff’ indicate where IC, SR and diffusion
dominates, respectively.

10°

o ; E.=10.0 TeV

10!

10°

1072 1071 10°
rs/Rt

Figure 2. Timescale graph (diffusion indicated by dash—dotted lines, radi-
ation losses by dashed lines and the effective scale by solid lines) for the
reference model as a function of E. and rs. Thicker lines indicate larger
energies.

As an alternative view, in Fig. 2 we plot the time-scales as a
function of radius for diffusion (dash—dotted lines), radiation losses
(dashed lines) and the effective time-scale (solid lines) for differ-
ent energies indicated by different line thickness. For diffusion, the
graph of z4 versus rg has a slope of 2 (see equation 11). Also,
tairr 1 higher for lower energies, since such particles diffuse slower
(this is evident at smaller ry, where diffusion dominates). At higher
particle energies, SR dominates except at the very core. Since we
assume that the cluster B-field is not a function of ry, the graph of
tsr versus rg will be flat for constant E.. However, #sg is larger for
lower particle energies since tsg o< E; !, while IC implies a lower
taa at low E. and rs. From the plot, it is clear that the effective
time-scale ‘takes the minimum’ between 4 and fsg (Or f49), al-
ways being the shortest time-scale. This is what determines the
effect of particle transport on n.. One can again see that diffusion
dominates radiation processes at low radii. The inverse is true at
larger radii.

In Fig. 3, we plot the steady-state particle spectrum as a function
of energy E. at different r, for the reference model. At a fixed

101 rs = O-OIRt
108
10°
102

Bl Reference model
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Figure 3. The steady-state particle spectrum as a function of energy E. at
different radii rs.
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Figure4. We plot the SED for the reference model (black line) for Terzan 5,
as well as Chandra (Eger et al. 2010) and H.E.S.S. (Abramowski et al. 2011)
data. The relative contributions for a number of representative radii (zones)
are also shown using different colours.

radius, n. is higher at low energies and becomes low at higher
energies due to the assumed injection spectrum. At small radius,
the particle spectrum follows the injection spectrum (I" = 2). The
particle density drops with distance (due to the increased volume).
A spectral cut-off is introduced at higher energies due to SR losses.
The cut-off becomes increasingly lower at larger radii.

Fig. 4 shows the SED predicted by the reference model (black
curve). There are two components: SR and IC. For the IC compo-
nent, one can observe two subcomponents associated with the two
soft-photon target densities. We also plot Chandra (Eger et al. 2010)
and H.E.S.S. (Abramowski et al. 2011) data for Terzan 5. We plot
the relative contributions from a number of zones at representa-
tive radii 7, indicated by different colours. Initially, the contribution
grows with radius (due to the increased volume of the zones) but
farther out drops significantly due to a decline in soft-photon and
particle densities. The HE part of the IC component dominates the
SR component at very small distances where the stellar soft-photon
background is larger, while the SR one starts to slightly dominate
the IC component at larger distances.
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Figure 5. The steady-state particle spectrum as a function of radius rg at
different particle energies E.
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Figure 6. SED plot indicating the effect of changing the number of stars in
the cluster.

3.2 Changing the number of stars (N,)

The number density of soft photons n, scales linearly with Ny, (see
equation 9). Thus, the IC loss rate also scales linearly with Ny
(see equation 7). For a smaller number of stars, the photon number
density is lower, and hence, the IC loss rate is lower. It therefore
takes a longer time for the particles to lose energy in this case.
This effect is evident at lower particle energies and smaller radii (as
measured from the cluster centre) where IC dominates SR due to
the high value of n, there, leading to a relatively larger n. (Fig. 5).
At larger radii, the photon number density rapidly declines (leading
to smaller Ejc and longer #i¢); thus SR (which is not a function of
Nyot) dominates over IC (assuming a constant B-field, and therefore
the graphs of n. versus ry coincide). Furthermore, the overall level
of n, decreases with radius since it represents a particle density, and
the volume scales as r3.

Fig. 6 shows that when one increases N, there are more optical
photons, which boosts the IC emission and loss rate. Thus, there
will fewer low-energy particles and SR and IC on the CMB will be
suppressed.

3.3 Changing the B-field

We do not know the magnetization state of plasma in GCs observa-
tionally. However, we can use reasonable values of B ~ 1-10 pG.
This estimate is due to Bednarek & Sitarek (2007) using typical val-
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Figure 7. Same as Fig. 1 but for two different B-fields.

101 =0.01R
108
10°
102

B B=3.G
B B=104G

—
o
.'_.

10~

1077

-10

10751 100 10! 102
E. (TeV)

Ne(rs, Ee)/(ergem3)—1

Figure8. Steady-state particle spectrum as a function of energy for different
B-fields. The labels (indicating different ry) are for the B = 3 pG case.

ues for the pulsar wind shock radius and magnetization parameter
o (ratio of the Poynting and particle energy flux). These values also
yield reasonable SR and IC spectra. One expects two main effects
when changing the B-field: A larger B-field should lead to a smaller
diffusion coefficient and increased SR losses. As before, Fig. 7
presents different time-scales versus particle energy. For a lower
B-field, the diffusion time-scale is relatively shorter and particles
will escape faster from a particular zone. Also, the SR time-scale
is longer, and therefore it takes a longer time for particles to lose
energy due to SR. An interesting regime change between IC and SR
domination occurs around < 1 TeV for these two B-field strengths:
for B = 10 uG SR dominates over IC for E. 2 3TeV, while this
change occurs around E. = 10 TeV for B = 3 uG.

In Fig. 8, at fixed radius, n. is higher for lower B-field beyond
rs 2, 0.05R;. This is because Esg is lower in this case and more
particles survive. There is a cut-off at higher energies due to SR.
As before, the cut-off becomes increasingly lower at larger radii.
We note that the particle spectrum is very small at larger radii for
B = 10 uG (i.e. the green line for the larger B-field is very low at
rs > 0.5 R, and thus not visible). In Fig. 9, at small radius the density
is higher for higher B-field because of slower diffusion. However,
at large rs, it is evident that a larger B-field leads to a substantially
lower cut-off energy due to an increased ESR in this case.

Fig. 10 shows the SED components of a cluster for different B-
fields. The SR loss rate strongly depends on B. If we increase B from
1 to 5 puG, the SR losses increase rapidly because Esg o< E2B2,
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Figure9. Steady-state particle spectrum versus radius for different B-fields.
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Figure 10. An SED plot indicating the effect of changing the B-field in the
cluster.
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Figure 11. Spectra at different radii for different B-fields. The dashed lines
represent B = 10 uG and the solid lines represent B = 3 puG.

leading to a higher SR flux. In addition, higher energy particles
lose more energy leaving fewer of these particles to radiate IC at
higher energies. In Fig. 11, we study the radial dependence of the
cluster radiation. The dashed lines represent B = 10 uG and solid
lines represent B = 3 uG. At the smallest radii (r; ~ 0.01 R,), both
SR and IC emission increase with an increase in B-field because
of slower diffusion in this case, leading to particles spending a
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Figure12. Steady-state particle spectrum as a function of energy at different
radii for two different I'.
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Figure 13. Steady-state particle spectrum as a function of radius at different
energies for two different I

longer time there and therefore radiating more efficiently. Different
diffusion coefficients will lead to different source sizes. If particles
move faster, the source will be larger. Thus, a higher B-field leads
to a more compact source. This explains the line swap in the graph
(around rg ~ 0.1 R,), i.e. the non-monotonic behaviour of lines as
1 is increased (cf. fig. 6 from Kopp et al. 2013). Both IC and SR
fluxes decrease with an increase in B-field at large radii (making the
green and magenta dashed lines invisible in Fig. 11).

3.4 Changing the electron source term: spectral index I’

Changing I" does not affect the time-scales versus E; or ;. However,
it changes the source term (see equation 3, where we change I" and
keep L. constant). Fig. 12 shows the steady-state particle spectrum
as a function of energy for different spectral indices I" as denoted by
the colours in the legend. At a fixed radius, the steady-state particle
spectrum 7, is higher for a harder injection spectrum at large radii
and energies. However, close to the core the low-energy tail of the
spectrum is slightly higher for a softer spectral index because L. is
kept constant (i.e. we assume the same total power in particles). At
low energies and smaller radii, the effect of changing I" is smaller.
This can also be seen in Fig. 13.

Fig. 14 shows the SED plot in the case of changing I". Both
SR and IC decline for a soft I and increase for a harder injection
spectrum (since more HE particles are injected into the GC in this
case).
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Figure 15. Steady-state particle spectrum as a function of energy for dif-
ferent distances to the cluster (see legend).

3.5 Changing the electron source term: normalization Q,

Changing the source term does not affect the time-scales versus
E. orr,, but simply increases or reduces the number of particles
injected into the cluster, and thus the level of radiation received
from the cluster. Thus, the SED scales linearly with Q.

3.6 Changing the source distance d

Changing the distance to the cluster changes the physical size of the
cluster since we keep the angular size constant (e.g. the core radius
r. = 6.d, with 6. the ‘angular radius’ of the core). For a smaller
distance, the IC time-scale is lower (i.e. the volume is smaller and
thus the energy density becomes larger, leading to an increased
IC loss rate). Furthermore, since #g rs2 o d?, when the distance
decreases particles escape faster from a particular zone, leading
to lower diffusion time-scales. However, the SR time-scale is not
influenced by a change in distance, because we assumed a constant
B-field everywhere in the cluster.

In Fig. 15, one can see that the steady-state particle spectrum
(per volume) is higher for a smaller distance due to a decrease
in volume o< d*. The effect of changing the distance to the clus-
ter is lower at small radii (also see Fig. 16). We used the same
number of zones for these two cases of d, but the actual R, « d
changes. Thus, the relative radius r,/R, changes. Physically, the
green lines are associated with a larger cluster than the red lines.
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Figure 16. Steady-state particle spectrum as a function of radius for differ-
ent distances (see legend).
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Figure 17. An SED plot showing the effect of changing the distance to the
cluster on SR and IC components.

Thus, particles take longer to escape (having to traverse a longer
actual path) and therefore lose more energy via SR losses while
diffusing through the cluster. This explains the lower spectral cut-
off as a function of ry/R, for a larger d. Fig. 17 shows that as the
distance to the cluster increases from 2 to 8 kpc, both the SR and
IC fluxes decrease. This is due to a lower IC loss rate, and the fact
that particles diffusing through clusters that are more distant (larger
physical source) tend to lose more energy via SR. Fluxes further-
more scale as 1/d. All of these effects suppress the flux when d is
increased.

3.7 Changing the spatial diffusion coefficient «(E)

In Fig. 18, we plot the time-scale graph for diffusion (dash—dotted
lines), radiation losses (dashed lines) and effective time-scale (solid
lines). We used two diffusion coefficients, Bohm diffusion « ~ 6 x
10%*ecm?s™' ~ 2 x 10 kpc> Myr~! at 1 TeV that goes like « o
E!l, and kg ~2 x 10¥ cm?s™! ~ 7 x 109 kpc> Myr~! at 1 TeV
that goes like K Eg‘ﬁ. The colours represent these two diffusion
coefficients as shown in the legend. HE particles diffuse faster than
low-energy particles (given the negative slopes of the diffusion
time-scales). The Bohm diffusion time-scale therefore has a slope
of —1 while in the second case, #4¢ has a slope of —0.6. The
Bohm diffusion time-scale is larger at E. < 20 TeV and smaller at
E. 2 20TeV. The radiation time-scales, however, do not change.
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Figure 18. Timescales as a function of energy for different diffusion coef-
ficients.
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Figure 19. Steady-state particle spectrum as a function of energy for dif-
ferent diffusion coefficients.

In Fig. 19, at a fixed radius, 7. is higher for the « o E?® value
of the diffusion coefficient at low energies at ry 2> 0.45 R, (at the
lowest radii diffusion dominates and n. is slightly higher for the
Bohm case). More particles reach larger radii (outer zones) due to
faster diffusion. At VHEs, the Bohm diffusion is now faster, and
thus, there are slightly fewer particles in the centre of the cluster.
The n,. is therefore higher at larger radii and energies and vice versa.
One can observe the same effect in Fig. 20: n. is slightly higher for
the Bohm case at the lowest radii and low energies, and drops below
the value of the second case at larger radii, but exceeds that value
again for the highest energies. As particles diffuse out from the
centre of the cluster, they lose energy, e.g. 20 TeV particles become
10 TeV particles, and thus the cross-over point where the two values
of n. coincides moves towards increasingly lower energies (i.e. it is
a cooling effect).

In Fig. 21, we see that the HE IC component is higher for Bohm
diffusion. This is because this component originates mostly at the
GC centre, and there are more particles in the Bohm case. Since
particles lose more energy due to IC for slower diffusion, there is
less energy available for SR, and thus, the SR flux scales with the
spatial diffusion coefficient at low energies (since B is not a function
of r). In Fig. 22, we see that the optical IC is dominated by emission
from particles at the centre of the cluster, and thus is higher for
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Figure 20. Steady-state particle spectrum as a function of radius for differ-
ent diffusion coefficients.
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Figure 21. SED plot for a cluster with a change in spatial diffusion coeffi-
cient.
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Figure 22. Spectra at different radii upon changing the diffusion coef-
ficients. The dashed lines represent Bohm diffusion and the solid lines

represent kg =7 x 107> kpc? Myr~!.

Bohm diffusion. Bohm diffusion (dashed lines) is relatively slower;
therefore, there are fewer particles at larger radii, leading to the line
swap as radius is increased. At VHEs, there are few particles and
hence the cut-off due to the Klein—Nishina effect is evident.
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Table 2. The effect of increasing model parameters with respect to their reference values

on the steady-state particle spectrum.

Model parameters
Low energies

Close to the core
High energies

r~ Ry
Low energies High energies

Number of stars (Vo) -
Magnetic field (B)
Spectral index (T")

+ 2

Q|

Electron source term (Qp) + + +
Distance (d) - - — _
Diffusion coefficient (k¢) R = + +

Table 3. The effect of increasing model parameters with respect to their reference values

on the predicted SED.

Model parameters Close to the core r~ Ry
Radio  X-rays  y-rays Radio  X-rays  y-rays

Number of stars (Nior) - = + ~ ~ ~
Magnetic field (B) + + ~ - - -
Spectral index (I") ~ _ _ _ _ _
Electron source term (Qg) + + + + + +
Distance (d) - - _ _ _ _
Diffusion coefficient (k) + + ~ - - 2

3.8 Summary

Table 2 summarizes the effect of increasing a particular model
parameter with respect to its reference value (Table 1) on the particle
spectrum. Also, Table 3 summarizes the effect of such changes on
the predicted SED.

4 SPECTRAL MODELLING OF SELECTED GCs

Abramowski et al. (2013) performed an analysis of H.E.S.S. data
to search for VHE emission from 15 GCs. They could not detect
any individual cluster. They also performed a stacking analysis, but
even in this case there was no significant cumulative signal. This
means that Terzan 5 is the only Galactic GC plausibly detected at
VHESs (Abramowski et al. 2011). We list some structural parameters
of the analysed GCs in Table 4. In what follows, we use the VHE
upper limits of the 15 GCs and a measured spectrum of Terzan
5. In addition, diffuse X-ray emission has been detected from two
of these GCs: Terzan 5 (Eger et al. 2010) and 47 Tucanae (Wu
et al. 2014); an upper limit has been obtained for NGC 6388 (Eger
& Domainko 2012). The measured X-ray spectra are, however,
much harder than what is predicted by our model. We therefore
postulate that this points to a new spectral component that we have
not modelled yet. Therefore, we treat these X-ray data as upper
limits for our SR component (Section 4.2). Finally, in Section 4.3
we apply our model to all 16 GCs, for fixed parameters, and obtain
a ranking according to the predicted VHE flux for both H.E.S.S.
and CTA. We also list the five most promising GCs according to
their predicted VHE flux.

4.1 Structural and other characteristics of selected GCs

15 Galactic GCs were selected by Abramowski et al. (2013) for
analysis by applying a priori cuts on the target and observational
run lists of H.E.S.S.: the GCs lie off the Galactic Plane by more
than 1°, the pointing position was within 2° of the GC position and
at least 20 high-quality runs were available for each source. We list

some structural parameters in Table 4: the core (R.), tidal® (R,) and
half-mass (R},) radius (Harris 1996, 2010), and the number of stars
(Niop) estimated from Ny, = 10%4*79=M) hosted by each cluster,
where My is the integrated absolute magnitude (Lang 1992), the
estimated number of MSPs in each GC (Abdo et al. 2010; Venter &
Kopp 2015), and their distances from the Sun (Harris 2010). Further-
more, we use the updated value of R, = 5.94 arcsec = 0.1 arcmin for
Terzan 5 as given by Prager et al. (2017). We also list the assumed
values for Q.

4.2 Constraining parameters via X-ray and y-ray data

We used diffuse X-ray and VHE? y-ray observations to constrain
cluster parameters for three sources (i.e. Terzan 5, 47 Tucanae and
NGC 6388). We first present the results for Terzan 5. The y-ray
(Abramowski et al. 2011) and X-ray (Eger et al. 2010) data are
plotted in Fig. 23. Our model cannot reproduce the flat slope of
the X-ray data. Hence, we postulate a new radiation component
(see Venter et al., in preparation, who attribute this to cumulative
pulsed SR from the individual MSP magnetospheres) to explain
these data. We therefore treat the X-ray data as upper limits and our
predicted SR component must be below these. We are not fitting
the data using rigorous statistical techniques, but we are simply
trying to find sample parameters so that our predicted SR com-
ponent is not in conflict with the X-ray ‘upper limits’, while still
fitting the y-ray data. Fig. 23 shows the predicted differential SED
components for Terzan 5 indicating the predicted SR (integrated
between 55 arcmin < r, < 174 arcmin* corresponding to the X-ray

2 http://gclusters.altervista.org/

3 We do not use Fermi LAT data since we do not model the cumulative
pulsed curvature emission as was done by, e.g. Venter et al. (2009).

41n Figs 23-25, the dash—dotted lines represent the inner part of the source,
and the solid lines indicate the whole source visible in y-rays. The field of
view (FoV) of H.E.S.S. is so large that one can see the whole source, while
only a small part of the source is seen in X-rays, since the FoV of Chandra
is relatively small.
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Table 4. Structural characteristics and other parameters of selected GCs.

GC name Rc(pc) Rm(pc) R((pc) Estimated Ny /10° Nusp d(kpc) Qo (x10P erg=1s™1)
NGC 104 0.47 4.1 56.1 4.57 > 33 4.5 9.55
NGC 6388 0.16 0.68 8.13 5.81 100 9.9 52.1
NGC 7078 0.18 1.31 28.1 4.13 25 10.4 7.24
Terzan 6 0.07 0.58 22.8 0.29 25 6.8 7.24
Terzan 10 1.18 2.03 6.62 0.30 25 5.8 7.24
NGC 6715 0.12 1.07 9.78 4.79 25 26.5 7.24
NGC 362 0.24 1.07 21.1 1.58 25 8.6 7.24
Pal 6 0.86 1.57 10.9 0.31 25 5.8 7.24
NGC 6256 0.03 1.13 9.94 0.21 25 10.3 7.24
Djorg 2 0.43 1.31 13.8 0.51 25 6.3 7.24
NGC 6749 0.81 1.44 6.82 1.78 25 79 7.24
NGC 6144 1.23 2.13 43.5 0.48 25 8.9 7.24
NGC 288 1.77 2.92 16.9 0.32 25 8.9 7.24
HP 1 0.04 4.06 10.8 0.48 25 8.2 7.24
Terzan 9 0.04 1.02 10.8 0.02 25 7.1 7.24
Terzan 5 0.17 0.94 17.4 0.77 > 34 59 20.0
Similarly, we present results for 47 Tucanae using diffuse X-
ray data (Wu et al. 2014) and H.E.S.S. upper limits (Abramowski
o 10712 -, et al. 2013) to constrain model parameters. Fig. 24 shows the pre-
g /‘/ \ dicted SED for 47 Tucanae indicating the predicted SR (integrated
E\ /‘ "’ between 0.72 arcmin < ry < 3.835 arcmin) and IC (integrated over
v . /' — & all ;) components using several parameter combinations. The blue
10 . /" \ ’ | line violates the X-ray data (treated as ‘upper limits’). The pa-
g l 7 "¢ | rameters used for each line are summarized in Table 6. We find
3 | /' .o for example that E, n.x S 100TeVand B < 5 pG satisfy the mea-
% 1071 I'l' /.—'-\ | ‘ \ surements. Thus, the degeneracy of parameters is again evident.
hig e . | | Fig. 25 shows the predicted SED for NGC 6388. The parameter
I! ./ \ ER- values used are summarized in Table 7. Again, we note that there
107202 3 - | | - - - . are different combinations of parameters that satisfy the data con-
10 10 10 10 10 10 10 . .
E,in TeV straints, e.g. we require a small B and E. ,ax, Or a small Qp and large

I" to satisfy the Chandra and H.E.S.S. upper limits.

Figure 23. The predicted SED for Terzan 5 indicating the SR (integrated
between 55 arcmin < rg < 174 arcmin, the dash—dotted lines) for the inner
part of the source and IC (integrated over all g, solid lines) components for
different combinations of parameters (Table 5), as well as Chandra (Eger

et al. 2010) and H.E.S.S. (Abramowski et al. 2011) data. . . .
4.3 Ranking the GCs according to predicted VHE flux

We apply the model described in Section 2 to 15 non-detected GCs

data; Eger et al. 2010) and IC (integrated over all r;) components
using a combination of parameters so as not to violate the Chandra
and H.E.S.S. data. We show the blue component as an example
of a parameter combination which violates the data. On the other
hand, both the green and the red components satisfy the data. See
Table 5 for the parameters corresponding to these lines. Thus, one
can actually allow® E. max to be ~30-100TeV and the B-field can
be ~1-4 uG, depending on other parameters. Other combinations
of parameters also exist that can give similar fits. One should be
able to break this degeneracy by adding more data in future.

> We could not constrain the radio and optical parts of the spectrum be-
cause of lack of data. There might be some radio data available (Clapson
etal. 2011), but it is not certain that these data are associated with the diffuse
SR component that we predict. In this work, we mainly focus on y-ray and
X-ray data. The predicted optical diffuse flux level is extremely low and
that makes it very difficult to find upper limits or data that would at all be
constraining, given the number of optical sources (Ny) that dominate the
radiation in this band.

and to Terzan 5 using the fixed parameters and value of Qg given
in Table 4. We assume Bohm diffusion, I' = 2.0, B = 5 uG and
Eemax = 100 TeV as a reference to produce SR and IC spectra for
each individual cluster. According to our flux predictions, H.E.S.S.
may detect two more GCs, i.e. 47 Tucanae (blue) and NGC 6388
(green) in addition to Terzan 5 (orange) if the clusters are observed
for 100h (see Fig. 26). The clusters 47 Tucanae and NGC 6388
have not been detected by H.E.S.S. yet but they have only been
observed for about 20 h each. We note, however, that this flux pre-
diction and therefore the ranking is very sensitive to the choice of
parameters (implying significant error bars on the predicted fluxes).
The CTA will be 10 times more sensitive than H.E.S.S. and there-
fore may detect many more GCs. We find that more than half of the
known Galactic population may be detectable for CTA, depending
on observation time and model parameters. However, if there is a
non-detection by CTA, this will imply strong parameter constraints
or even model constraints (i.e. the model might be not viable any
more). The top five most promising GCs for CTA are NGC 6388,
47 Tucanae, Terzan 5, Djorg 2 and Terzan 10, as seen in Fig. 26.
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Table 5. Parameter combinations for each of the line colours appearing in Fig. 23 for Terzan 5.

907

Line colours Kk (kpc? Myr—1) B(uG) r Qolerg~'s™1) d(kpc) Niot Eemax(TeV)
Blue Bohm diffusion 5 1.8 1.16 x 103 5.9 7.7 x 10* 100
Red Bohm diffusion 1 1.8 6.33 x 1033 5.9 7.7 x 10* 20
Green 0.7 x 107 2 2.0 9.84 x 10% 5.9 7.7 x 10* 50

5 DISCUSSION AND CONCLUSION 101

This paper focused on constraining model parameters for Galactic

GCs using y-ray and X-ray data, with the main aim being to study N; 10-12

the detectability of GCs for H.E.S.S. and CTA. We used a leptonic g

emission code to make flux predictions and performed a parameter o Pl

study, varying six model parameters. For Terzan 5, we found that g 107" / \

E.max could be varied between 30 and 100 TeV and the B-field = ./ i

between 1 and 4puG while still fitting the SED by fixing the other 51071 ./ -

parameters. Similarly, we found that for 47 Tucanae, E¢ m.x < 100 ;> /./ K \

TeV and B < 5pG, and we require a small B and E, .« or a small ;‘o>10‘15 ,n ‘/.—-— N\ ‘

Qo and large I" for NGC 6388 in order to satisty the upper limits. w </ \\ ‘

We therefore found that the parameters of the individual GCs were K ./ | ‘ 5

uncertain and quite unconstrained by the available data, and we 10’118_1'6' 105 101 1 107 10 101 10

Ey in TeV
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Figure 24. The predicted SED for 47 Tucanae indicating the SR (integrated
between 0.72 arcmin < rg < 3.835 arcmin, the dash—dotted lines) and IC
(integrated over all rg, solid lines) components for different combinations
of parameters (Table 6), as well as Chandra data (Wu et al. 2014) and an
H.E.S.S. upper limit (Abramowski et al. 2013).

Figure 25. The predicted SED for NGC 6388 indicating the SR (integrated
between 25 arcsec < ry < 139 arcsec, the dash—dotted lines) and IC (in-
tegrated over all rg, solid lines) components for different combinations of
parameters (Table 7). The power law and arrow represent the X-ray upper
limit (Eger & Domainko 2012) while the line—arrow represents the H.E.S.S.
upper limit (Abramowski et al. 2013).

noted that there were different combinations of parameters that
satisfied the observational constraints (i.e. they were degenerate).
We also found that the predicted IC component for the majority of
the 16 GCs we studied were below the H.E.S.S. sensitivity limit.
However, H.E.S.S. may detect two more GCs, i.e. 47 Tucanae and
NGC 6388, if the clusters are observed for 100h. On the other
hand, CTA may detect many more GCs (possibly more than half of
the known Galactic population, depending on observation time and
model parameters). The five most promising GCs are NGC 6388, 47
Tucanae, Terzan 5, Djorg 2 and Terzan 10. Future multiwavelength
studies should allow us to constrain some parameters better as well
as discriminate between competing radiation models.

Table 6. Parameter combinations for each of the line colours appearing in Fig. 24 for 47 Tucanae.

Line colours K(kpc2 Myr’l) B(uG) r Qo (erg’1 s7h d(kpe) Niot Ee max(TeV)
Blue Bohm diffusion 5 1.8 1.16 x 103 45 4.6 x 10° 10
Red 1.1 x 1074 1 2.0 9.55 x 1033 45 4.6 x 10° 100
Green 1.1 x107* 4 2.3 3.18 x 1033 45 4.6 x 10° 30
Table 7. Parameter combinations for each of the line colours appearing in Fig. 25 for NGC 6388.

Line colours Kk (kpc? Myr—1) B(uG) r Qolerg~'s™h) d(kpc) Neot Eemax(TeV)
Blue Bohm diffusion 5 1.8 6.33 x 107 9.9 5.8 x 10° 10
Red Bohm diffusion 1 2.0 3.47 x 1033 9.9 5.8 x 10° 100
Green 1.1 x107* 2 23 5.21 x 1073 9.9 5.8 x 10° 30
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Figure 26. Predicted differential spectra E 12, dN, /dEy, inerg cm~2s~! for
15 non-detected GCs and for Terzan 5. The two components represent the
SR and IC spectra. The H.E.S.S. and CTA sensitivities (for 100 h) are also
shown.

ACKNOWLEDGEMENTS

This work is based on the research supported wholly in part by
the National Research Foundation of South Africa (NRF; Grant
Numbers 93278, and 99072). The Grantholder acknowledges that
opinions, findings and conclusions or recommendations expressed
in any publication generatedby the NRF supported research is that
of the author(s), and that the NRF accepts no liability whatsoever
in this regard.

REFERENCES

Abdo A. A. etal., 2010, A&A, 524, A75

Abramowski A. et al., 2011, A&A, 531,18

Abramowski A. et al., 2013, A&A, 551, A26

Anderhub H. et al., 2009, A&A, 498, 83

Bednarek W., 2011, Astrophys. Space Sci. Proc., 21, 185

Bednarek W., Sitarek J., 2007, MNRAS, 377, 920

Bednarek W., Sitarek J., Sobczak T., 2016, MNRAS, 458, 1083

Biggs J. D., Bailes M., Lyne A. G., Goss W. M., Fruchter A. S., 1994,
MNRAS, 267, 125

Blumenthal G. R., Gould R. J., 1970, Rev. Mod. Phys., 42, 237

Bogdanov S., Grindlay J. E., Heinke C. O., Camilo F., Freire P. C. C., Becker
W., 2006, ApJ, 646, 1104

Bogdanov S. et al., 2011, ApJ, 730, 81

Cadelano M. et al., 2015, ApJ, 812, 63

Cheng K. S., Chernyshov D. O., Dogiel V. A., Hui C. Y., Kong A. K. H.,
2010, ApJ, 723, 1219

Clapson A.-C., Domainko W., Jamrozy M., Dyrda M., Eger P., 2011, A&A,
532, A47

Domainko W. E,, 2011, A&A, 533, L5

Eger P., Domainko W., 2012, A&A, 540, A17

Eger P., Domainko W., Clapson A.-C., 2010, A&A, 513, A66

Forestell L. M. et al., 2014, MNRAS, 441, 757

Freire P. C. C., 2013, in van Leeuwen J., ed., Proc. IAU Symp. 291, Neu-
tron Stars and Pulsars: Challenges and Opportunities after 80 years.
Cambridge Univ. Press, Cambridge, p. 243

Freire P. C., Kramer M., Lyne A. G., Camilo F., Manchester R. N., D’ Amico
N., 2001, ApJ, 557, L105

Freire P. C. C. et al., 2011, Science, 334, 1107

Freire P. C. C. et al., 2017, MNRAS, 471, 857

Geffert M., Auriere M., Koch-Miramond L., 1997, A&A, 327, 137

Harding A. K., Usov V. V., Muslimov A. G., 2005, ApJ, 622, 531

Harris W. E., 1996, AJ, 112, 1487

Harris W. E., 2010, preprint (arXiv:1012.3224)

Heinke C. O., Grindlay J. E., Edmonds P. D., Lloyd D. A., Murray S. S.,
Cohn H. N., Lugger P. M., 2003, ApJ, 598, 516

Heinke C. O. et al., 2005, ApJ, 625, 796

Hessels J. et al., 2015, in Bourke T. L. et al., eds, Proc. Sci., Pulsars in
Globular Clusters with the SKA. SISSA, Trieste, PoOS(AASKA14)047

Hui C. Y., Huang H. H., Cheng K. S., Taam R. E., Becker W., 2009, in
Murphy S. J., Bessell M. S., eds, ASP Conf. Ser., Vol. 404, The Eighth
Pacific Rim Conference on Stellar Astrophysics: A Tribute to Kam-
Ching Leung. Astron. Soc. Pac., San Francisco, p. 149

Johnson T. J. et al., 2013, Apl, 778, 106

Jones F. C., 1968, Phys. Rev., 167, 1159

Kopp A., Venter C., Biisching 1., de Jager O. C., 2013, ApJ, 779, 126

Lang K. R., 1992, Astrophysical Data I. Planets and Stars. Springer-Verlag,
Berlin

Lyne A. G., Brinklow A., Middleditch J., Kulkarni S. R., Backer D. C.,
1987, Nature, 328, 399

Moskalenko I. V., Strong A. W., 1998, ApJ, 493, 694

Mucciarelli A., Salaris M., Lanzoni B., Pallanca C., Dalessandro E., Ferraro
F. R., 2013, ApJ, 772, L27

Nolan P. L. et al., 2012, ApJS, 199, 31

Pallanca C. et al., 2010, ApJ, 725, 1165

Pallanca C., Dalessandro E., Ferraro F. R., Lanzoni B., Beccari G., 2013,
ApJ, 773,122

Pallanca C. et al., 2016, Mem. Soc. Astron. Ital., 87, 526

Pan Z., Hobbs G., Li D., Ridolfi A., Wang P., Freire P., 2016, MNRAS, 459,
L26

Parker E. N., 1965, Planet. Space Sci, 13,9

Prager B. et al., 2017, ApJ, 845, 148

Prinsloo P., Venter C., Biisching I., Kopp A., 2013, in van Rensburg J. J.,
ed., Proc. South African Inst. Phys., p. 362 (arXiv:1311.3791)

Ransom S. M., 2008, in Vesperini E., Giersz M., Sills A., eds, Proc. IAU
Symp. 246, Dynamical Evolution of Dense Stellar Systems. Cambridge
Univ. Press, Cambdridge, p. 291

Ridolfi A. et al., 2016, MNRAS, 462, 2918

Rivera-Sandoval L. E. et al., 2015, MNRAS, 453, 2707

Tam P-H. T., Hui C. Y., Kong A. K. H., 2016, J. Astron. Space Sci., 33, 1

Venter C., de Jager O. C., 2005, ApJ, 619, L167

Venter C., de Jager O. C., 2008a, ApJ, 680, L125

Venter C., de Jager O. C., 2008b, in Aharonian F. A., Hofmann W., Rieger F.,
eds, AIP Conf. Proc. Vol. 1085, High Energy Gamma-Ray Astronomy.
Am. Inst. Phys., New York, p. 277

Venter C., de Jager O. C., 2010, ApJ, 725, 1903

Venter C., Kopp A., 2015, in Engelbrecht C., Karataglidis S., Proc. South
African Inst. Phys., p. 394 (arXiv:1504.04953)

Venter C., de Jager O. C., Clapson A.-C., 2009, ApJ, 696, L52

Wagner R. et al., 2010, J. Phys. Conf. Ser., 203, 012121

Wu E. M. H. et al., 2014, ApJ, 788, L40

Zhang L., Chen S. B., Fang J., 2008, ApJ, 676, 1210

This paper has been typeset from a TX/IATgX file prepared by the author.

Downl oaded Wl%ﬁ§s47/33c§9gﬁ%0§1£2901r§%r as/article-abstract/473/1/897/ 4111165

by Pot chefstroom University user
on 05 February 2018


http://arxiv.org/abs/1012.3224
http://arxiv.org/abs/1311.3791
http://arxiv.org/abs/1504.04953

