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At present, only a single globular cluster (GC) has plausibly been detected at very high energies
(VHEs) by H.E.S.S. The future Cherenkov Telescope Array (CTA) is expected to detect more GCs
in this band. We present results from an emission code that assumes millisecond pulsars (MSPs)
to be sources of relativistic particles diffusing through GCs that will give broad-band radiation due
to their interaction with the cluster magnetic and soft-photon fields. We perform a parameter study
to investigate the GC model’s behaviour and study the detectability of Galactic GCs for H.E.S.S.
and CTA. We also present new Fermi LAT data on Terzan 5 and model its broadband spectrum,
constraining our model with available multi-wavelength data. We furthermore derive constraints
on the embedded population of MSPs’ luminosity function. Finally, we note that stacking upper
limits by H.E.S.S. on the y-ray flux of a population of 15 Galactic GCs are very constraining for
leptonic emission models. We therefore show that uncertainty in model parameters leads to a
large spread in the predicted flux, and there are indeed regions in parameter space for which the
stacking upper limits are satisfied.
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1. Introduction

GCs are gravitationally bound, ancient stellar systems consisting of 10* — 10 stars, with ages
ranging between 11 and 13 Gyr [1]. There are about 160 known GCs in the Milky Way [2],
distributed roughly spherically about the Galactic Centre and lying at an average radius of 12 kpc
from it. A large variety of exotic objects populate the dense environment of GCs [3], including
black holes, millisecond pulsars (MSPs), white dwarfs and Cataclysmic variables.

GCs are visible from radio [4] to y-ray energies. Detections include diffuse radio [5] and
diffuse X-ray emission [6—8] from 47 Tucanane and Terzan 5, as well as detection of X-ray point
sources in some GCs [9]. While pulsars are not readily detectable at optical wavelengths among the
stellar emission in the cluster, some of their companions [10, 11] and also types of exotic binaries are
detectable. About two dozen GCs have been observed by Fermi LAT, which detect photons in the
energy range of 20 MeV to 300 GeV [12]. H.E.S.S., which is a ground-based Cherenkov telescope
operated in a pointing mode, has plausibly! detected only a single Galactic cluster (Terzan 5) at
VHESs (> 100 GeV) [13]. Other Cherenkov telescopes could only produce upper limits to GC VHE
emission [14-16].

Within the MSP scenario [17], several GC emission components are thought to originate from
cumulative magnetospheric and diffuse emission by particles accelerated either within the embedded
pulsar magnetospheres or in interstellar/binary shocks. In this paper, we summarize our recent GC
modelling efforts [18-22]. First, we conduct a parameter study and also probe the detectability of
16 Galactic GCs for H.E.S.S. and CTA, ranking them according to their predicted TeV flux using a
leptonic emission model. Second, we constrain model parameters for individual GCs using y-ray
and X-ray data. Third, we gather more data on Terzan 5 and model its updated broadband spectral
energy distribution (SED). We additionally derive constraints on the MSP luminosity function using
the diffuse X-ray data and Chandra sensitivity. Lastly, we demonstrate that uncertainty in GC model
parameters leads to a large spread in the predicted flux, and there are indeed regions in parameter
space for which the stringent stacking upper limits by H.E.S.S. on 15 GCs are satisfied.

2. The Models

2.1 The Leptonic Emission Model for GCs

We use a multi-zone, steady-state, spherically symmetric model [17] that calculates the particle
transport (1D: radial spatial coordinate) and observed spectrum for GCs. The model predicts the
SED from GCs by considering unpulsed synchrotron radiation (SR) as well as inverse Compton (IC)
emission, attributing this to the interaction of collective leptonic winds with the ambient magnetic
and soft-photon fields [17]. A Fokker-Planck type equation in [23] is solved numerically

one = 2 o .
o V.(K.Vne) — 8_Ee [Eene(Ee, rs)] + Q(Ee), (D

where n. is the electron density per energy and volume, which is a function of central GC radius
rs = |Fsl|, E. the electron energy, ¥ is the diffusion tensor, E. the radiation losses, and Q the
electron source term. In order to calculate the IC losses Eic, we consider blackbody soft-photon

1The probability for a chance detection in this direction is ~ 1074,
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densities due to the cosmic microwave background and photons from stars with a temperature of
T1 = 4 500K. For the soft-photon component we use a line-of-sight (LOS) integration [24]. We
assume a constant B-field in the case of SR to calculate the SR losses. Two different diffusion
coefficients are considered: 1) Bohm diffusion with k(rs, Ee) = cE./3eB, where B is the GC B-
field, c the speed of light, and e the electron charge; and a diffusion coeflicient inspired by Galactic
cosmic-ray propagation studies with k(rs, Ee) = ko(Ec/Ep)®, where Eg = 1 TeV and « = 0.6 (see,
e.g., [25]). We lastly use a power-law particle injection spectrum Q(E.) = QoE.', with units
of erg‘ls‘l, between energies Ee min and E¢ max and slope I'. This is motivated by the fact that
H.E.S.S. detected a power-law spectrum for the VHE source associated with Terzan 5.

2.2 The Pulsar Magnetospheric Emission Model

We also use a pulsar emission model [26] that predicts the broad-band X-ray to VHE +y-ray
pulsed spectrum of pulsars. Primaries are injected at the stellar surface; they produce curvature
radiation (CR) y rays that are converted into pairs via magnetic pair creation. The electron-positron
pairs lose their momentum perpendicular to the magnetic field to SR near the polar caps and then
coast into the outer magnetosphere where they may encounter radio photons that may increase their
pitch angles, leading to further emission of SR. The model also includes CR radiation of primary
particles accelerated by electron fields in a slot gap geometry. The model assumes a force-free
magnetosphere configuration as an improvement over the retarded vacuum dipole.

3. Parameter Study Involving the Leptonic Model
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Figure 1: Loss timescales as a function of energy. The solid
lines indicate effective timescales, the dashed lines represent

We have performed an extensive parameter study using the leptonic emission model for
GCs [20]. As an example, we present the effect of a changing cluster B-field here. Figure I
presents the timescales for only the diffuse GC emission. It can be seen that for a lower B-field, the
SR timescale is longer (i.e., tsgr = E./ EgR o« EZ 1B=2). 1t therefore takes a longer time for particles
to lose energy due to SR. Also, the diffusion timescale is relatively shorter in the Bohm limit, and
hence particles will escape faster from a particular zone in this case. We also note that IC dominates
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SR at low energies whilst SR dominates diffusion at large rs. An interesting regime change occurs
between IC and SR domination around < 1 TeV for these two B-field strengths: for B = 10 uG, SR
dominates over IC for E. > TeV, while this change occurs around E. > 10 TeV for B = 3 uG.

4. Ranking of Galactic GCs According to Their Predicted VHE Flux

We applied the GC model to 15 non-detected GCs and to Terzan 5. We assumed Bohm
diffusion, I' = 2.0, B = 5uG, and E; nax = 100 TeV. Our predictions show that H.E.S.S. may
detect two more Galactic GCs (i.e., 47 Tucanae and NGC 6388 in addition to Terzan 5 if the GCs
are observed for 100h. The flux prediction and the ranking are very sensitive to the choice of
parameters. Also, if there are X-ray data that can be treated as an upper limit to the SR spectral
component, this may reduce the TeV flux somewhat; however, the available X-ray data on GCs are
typically very scarce and unconstraining, and we do not expect this to impact the TeV predictions
substantially. The CTA may detect many more GCs than H.E.S.S. since it will be 10 times more
sensitive. The top five promising GCs (see Figure 3) for CTA that we found are NGC 6388,
47 Tucanae, Terzan 5, Djorg 2, and Terzan 10.
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Figure 3: SED showing GCs ranked according to their pred- Figure 4: Spectral components for Terzan 5 predicted by the
ited fluxes. The H.E.S.S. and CTA sensitivities (for 100 leptonic models of [17] and [26]. We also indicate Chandra
hours) are also shown. This is for the diffuse emission com- [6], H.E.S.S. [13], and radio data [“Region 11" as defined by
5].

ponents.

5. Multi-wavelength Data on Terzan 5

Below, we model the broadband SED of Terzan 5. This object hosts the largest number of
MSPs (i.e., 37 MSPs) [27] detected so far and exhibits the highest central stellar density. It is also
the only GC that has plausibly been detected at VHE [13].

5.1 Radio Emission

The Very Large Array (VLA) of the National Radio Astronomy Observatory (NRAO) Sky
Survey (NVSS) detected the GC Terzan 5 at 21 cm as a single source with a flux of 5 mJy. Effelsberg
11 cm and 21 cm archival data revealed several radio structures in the direction of Terzan 5 [5].

5.2 Estimation of the Optical Background Level

The predicted non-thermal unpulsed low-energy synchrotron radiation (LESR) spectral compo-
nent invoked to model the radio data extends into the optical band. However, the LESR component
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is at low flux level and it will be difficult to detect this component, since there are many stars
(~ 10%) that contribute a high level of blackbody radiation that may swamp any diffuse non-thermal
emission SR. We estimate a thermal vF, flux of ~ 1.7 X IO‘IA'R%ONalnn erg cm~2s7! assuming
Rio = R/10'%cm, d = 5.9kpc, and c the speed of light. We find that the predicted blackbody flux

is ~ 10° higher than the estimated LESR flux level of the full GC.

5.3 Diffuse X-ray Emission

Eger et al. [6] discovered the presence of hard and diffuse X-ray emission above the particle
background level from Terzan 5. We fit the diffuse X-ray data by invoking a new high-energy
synchrotron radiation (HESR) component that may be due to the cumulative pulsed magnetospheric
SR from pairs (see Figure 4).

5.4 High-Energy Emission Fermi LAT Data Analysis

Terzan 5 is the second y-ray-emitting GC to be associated with a Fermi LAT source after
47 Tucanae. The total number of MSPs in Terzan 5 is Nysp = ISOf;?)O, estimated using the average
MSP spin-down power ({E) of Galactic MSPs known at the time) and the measured y-ray flux [28].
We considered seven years of Pass 8 (P8) LAT data and these data are fit with cumulative pulsed
magnetospheric CR from primaries and proved to be constraining for the low-energy tail of the

unpulsed IC component.

5.5 Very-High-Energy (VHE) Emission: H.E.S.S. Data

H.E.S.S. discovered a VHE y-ray source HESS J1747-248, located in the direction of Terzan 5.
The spectrum of the source is described by a power law with index of 2.5 + 0.3, + 0.2y [13].
The probability of a chance coincidence between an unrelated VHE y-ray source and Terzan 5 is
low (~ 107*). Unfortunately, no new observations have been carried out on this source since its
discovery [13].

6. Initial Constraining of Model Parameters of Particular GCs

We constrained cluster parameters for three GCs (i.e., Terzan 5, 47 Tucanae, and NGC 6388)
using diffuse X-ray and VHE y-ray observations. As an example, we present the results for Terzan 5.
The The diffuse y-ray [13] and X-ray [6] data plus model fit are shown in Figure 2. Unfortunately,
the GC model cannot reproduce the flat slope of the X-ray data. We therefore postulate a new
radiation component (the HESR component) to explain these data. We treat the X-ray data as
upper limits to the LESR component. We try to find sample parameters so that the predicted SR
component is not in conflict with the X-ray “upper limits”, while at the same time fitting the y-ray
data, rather than fitting the data using rigorous statistical techniques.

7. A Detailed Case Study: Terzan 5

7.1 Leptonic Modelling of the Broadband SED

Following the idea of Kopp et al. [17], we propose the X-ray data points to a new component
that has not been considered before - one due to pulsed, magnetospheric SR (a HESR component).
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Table 1: Sample parameter combinations that lead to a balance of the X-ray-implied energetics for Terzan 5. Columns refer to conversion
efficiency 77 of spin-down to particle luminosity, the average spin-down E and number of pulsars N for both detected / visible (vis) and
undetected / invisible (invis) X-ray emitting MSPs; also included are the minimum and maximum spin-down luminosities of the MSP
population as well as the luminosity function slope yr..

nx Einvis Evis Emin Emax YL N\)/(is Niﬁvis Nt)ét
0.05% 3.0x10°% 9.2x10%* 107! 24%x10% -0.19 43 45 88
0.05% 3.5x10% 1.8x10% 10% 10% 021 22 399 421
0.5% 1.2x102 3.8x10% 103! 10% 050 10 116 126

0.5% 1.5x102 2.8x10% 103! 3.6x10% 040 14 96 110
1%  7.4x103 25x10%* 103! 2.0x10%  0.60 8 95 103
1% 13x10%% 24x10%* 3.0x103 29x10% 0.64 8 53 61
1% 2.5x10%% 20x10* 1032 3.0x10% 069 10 27 37

This is in addition to the LESR component. In order to be consistent in terms of the pair multiplicity
inferred by the LESR and HESR components, we invoke an inner region of the polar cap where the
M,y is low, and use a high M, in the slot gap (connected to the HESR component); yet, the total
multiplicity of particles coming from the whole polar cap M,y,, which is the weighted average of
M,y and Mg, is equal to the value implied by fitting the unpulsed LESR to the data. Our predicted
SED (Figure 4) shows the GC model output in blue and the pulsar model predictions in red. The
pair synchrotron emission (HESR component) matches the observed X-ray spectrum quite well.

7.2 Balancing the Energetics of the Embedded MSP Population

Although our joint model provides reasonable fits to the Fermi and Chandra data, we still
have to consider whether this MSP scenario is plausible in terms of the sensitivity of Chandra and
energetics. We modelled the pulsar population via a parametric spin-down luminosity function
dN/dE = Nj(E/E)~™*, with Nj a normalisation constant and found different solutions that
lead to a balance of energetics. Table 1 shows a number of parameter combinations that satisfy the
observational constraints. Different choices of (E;s) will favour a different solution.

8. Estimating Uncertainties in the Predicted VHE Flux of GCs

We assessed uncertainties in the predicted VHE flux of GCs for our leptonic model, modelling
the IC y-ray flux expected from several GCs to see whether the predicted flux exceeds the CTA
sensitivity and whether we can satisfy the H.E.S.S. upper limits with a range of predicted fluxes.

8.1 Integral Flux Upper Limits: the H.E.S.S. GC Population

We used a Monte-Carlo method to calculate the single-GC and stacked integral VHE flux of 15
GCs with uncertainties due to the uncertainty in model parameter. We did this by randomising over
seven free parameters: Cluster field B, injection spectral slope I', number of stars V., distance d,
conversion efficiency 7, average spin-down power E, and number of MSPs Nysp; we also assumed
Bohm diffusion.

In Figure 5 we show how the distribution of log of the integral flux becomes smooth as we
increase the resolution of the grid over which free parameters are sampled. We also randomly
sample integral fluxes for a different total number of trials N; (see Figure 6) from the grid to show
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Figure 5: Histograms of log;o(F (E > 0.72 TeV)) in arbitrary Figure 6: Histograms of log,o(F (E > 0.72 TeV) Jem™2s71)
units, indicating how we build up statistics for the flux distribu-

tion for a finer grid in parameter space.

for different N; for 47 Tucanae, and for 7 free parameters.

convergence as the number of trials converge to the number of combinations: Ny — Ncomp. We
note that undersampling will not give a smooth flux distribution, while oversampling will lead to
convergence.
In Figure 7 we show the distribution of the log, of livetime-weighted flux for all selected
H.E.S.S. GCs. The green histogram shows the first set of parameter combinations (i.e., d’ €
4,4 4.V, 2d], N’ € [% %,N*,VEN*,zN*], B € [1,9] in steps of 2uG, T € [1.7,2.9] in
steps of 0.3, n € [0.005,0.08] in steps of 0.0075, log,o(E) € [33.7,34.7] in steps of 0.1, and
Nmsp € [5,150] in steps of 10.) with the median stacked flux exceeding the upper limit by a
factor of 7.6. We therefore considered a second parameter set: 1 € [0.003,0.03] in steps of 0.003,
log,o(E) € [33,34] in steps of 0.1, and Nysp € [5,50] in steps of 5, associated with the blue
histogram. This choice of parameters may seem a bit arbitrary, but given the freedom in model
parameters, there is no unique way of reducing the GC flux.

Relative Frequency

13 1

logzo(Weighted flux/cm-2s-1) Figure 8: Flux upper limits (black diamond and squares with

arrows) on the observed y-ray flux from the population of

Figure 7: Distribution of log,((Fw(E > Egy) / Cm_zs_l) for GCs, as well as the predicted flux medians plus 1o uncer-

all GCs. The green histogram is associated with the first param- tainties (green and blue bands for each of the two parameter

eter combination, while the blue one is for the second parameter combinations. The first entry indicates the stacked (live-time-
combination. The red line represents the stacked upper limit. weighted) flux with 10 uncertainties.

Finally, we graphically summarise the fluxes we obtained for both the stacked as well as single-
GC cases in Figure 8. The black diamond and squares and arrows correspond to the observational
upper limits, while the green and blue squares and error bars are for the median fluxes and 1o
uncertainty intervals, for the two different parameter combinations as discussed above. There are
indeed parameter combinations that yield fluxes below all of these observational upper limits. One
example is provided by combinations of degenerate parameters yielding a lower Qg; there may also
be other parameter combinations that can lower the flux. Further constraints derived from future
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observations may aid in breaking such degeneracies.

8.2 Differential Flux Predictions: M15 and w Cen

MAGIC has recently published differential flux upper limits for M15 [16]. We created a distri-
bution of differential fluxes of the northern GC M15 and calculate the median and 10 uncertainties
of the log,, of fluxes by finding the 16", 50" and 84™ percentiles.

Figure 9 shows the upper limits from 165 hours of MAGIC observations on the differential
flux, the predicted spectrum for a few different combinations of model parameters and the median
values (dashed green line) with 1o errors (light green band). We note that the differential data
are much more constraining than the integral data since there are 13 points of comparison instead
of 1. We satisfy the MAGIC flux upper limits for our choice of parameters. We used the same
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Figure 9: Differential flux upper limits (black diamonds with
arrows) on the y-ray flux from M15 plus a few typical model
spectra (solid lines) for typical parameter combinations, as well
as predicted medians and 1o error bars (green error band).

Figure 10: Differential flux predictions (green error band) for
w Cen, the solid lines indicating example predictions. The blue
dashed lines represent the H.E.S.S. and CTA sensitivity curves
for 100 hours of observations.

method on the southern GC w Cen, which has recently been confirmed to harbour five radio MSPs
by the Parkes Radio Telescope [29]. We compare its predicted differential fluxes with the H.E.S.S.
and CTA sensitivity curves for 100 hours of observation. We also indicate typical predicted y-ray
spectra for a few choice of parameter combinations (see Figure 10).

9. Conclusions

We used a leptonic emission code to make flux predictions for GCs and performed a parameter
study, varying six model parameters. We found that the parameters of the individual GCs were
uncertain and quite unconstrained by the available data. We found that H.E.S.S. may detect two
more GCs, i.e. 47 Tucanae and NGC 6388, if the clusters are observed for 100 h. The five most
promising GCs for future TeV observations are NGC 6388, 47 Tucanae, Terzan 5, Djorg 2, and
Terzan 10. Future multi-wavelength studies should allow us to constrain some parameters better
as well as discriminate between competing radiation models. We obtained new Fermi data that
we could fit using a model for the cumulative CR from a population of MSPs embedded within
Terzan 5. These data proved to be constraining for the low-energy tail of the unpulsed IC component,
as well as for the number of MSPs emitting CR. We showed that we could fit the radio spectral
points by invoking an LESR component that might extend into the optical range. We invoked a
new spectral component to explain the hard Chandra spectrum: cumulative SR from pair plasma
in MSP magnetospheres. We argued that the required energetics and numbers of the MSP source
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population needed to reproduce the detected diffuse X-ray emission are plausible, even though they
are not very well constrained. We also assessed uncertainties in the predicted VHE y-ray flux
of GCs for a given leptonic model due to uncertainties in model parameters, and gave theoretical
guidance to CTA’s observational strategy. We found that the total integral weighted flux violated the
H.E.S.S. upper limits for our first combination of parameters, but the second parameter combination
satisfied the stacking upper limits. We lastly performed a case study on two GCs, M15 and w Cen
to assess their predicted fluxes plus errors, and found that the differential upper limits were more
constraining for M15 than the H.E.S.S. integral flux upper limits. We calculated the TeV flux for
w Cen and showed that this GC may be a possible candidate to be observed by H.E.S.S. or CTA.
One can improve the precision of predictions of GC fluxes by increasing measurement accuracy on
model parameters. Models should thus undergo scrutiny by also taking into account the effect of
parameter uncertainty on their predictions as they are confronted with new data.
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