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• Why the topic is interesting ?

• What we observe ?

• What seems to be obvious ?

• What should be observed from GCs ?



Why high energy processes within GCs ?

• GCs contain many MSPs

• GCs create strong (well defined) rad. field

• GCs related to Fermi GeV sources

• GCs contain many other interesting sources

(WDs, LMXBs, IMBHs ?)

(maybe also remnants of SN Ia, Novae ?)



Globular Clusters - MSP - Gamma Rays (Abdo et al. 2010)



GC spectra (Abdo et al. 2010)



Two luminous MSPs in two GCs

• J1823-3021A in NGC 6624 (Freire et al. 2011)

(P = 5.44 ms, LSD ≈ ×8 × 1035 erg/s, Lγ = 8.4 × 1034 erg/s)

• B1821-24 in M28 (Johnson et al. 2013, Wu et al. 2013)

(P = 3.05 ms, LSD = 2.2 × 1036 erg/s, Lγ ≈ 4 × 1034 erg/s)



Millisecond pulsars in the field (Abdo et al. 2009) (1)

η = Lγ/LSD ≈ 10%



Millisecond pulsars (Abdo et al. 2010) (2)



WHAT SEEMS TO BE OBVIOUS ?

GeV γ-rays cumulative emission from MSPs magnetospheres
(Venter & de Jager 2005)

Number of MSPs in specific GC (Abdo et al. 2010)

NMSP = LGC
γ /(ηγ× < LTuc47

rot,MSP >)



WHAT ELSE MIGHT BE ?
⇓

TEV γ-rays produced by leptons escaping from MSPs
(Bednarek & Sitarek 2007)

• Leptons accelerated in the MSP magnetospheres and winds.

• Leptons propagate through globular cluster.

• Leptons comptonize well defined radiation field within GC.

• TeV γ-rays are produced.

• Leptons lose also energy on synchrotron process.

• Non-thermal emission determined by injection rate of leptons.

• TeV obs. → constraints on pulsar physics.

(see also others: Venter et al. 2009, Cheng et al. 2010)



What are their energies ?

Simple scaling from the Crab Nebula

Emax
e ∼ 3 × 1015 ⋆ (

3 × 108G

4 × 1012G
) ⋆ (

4ms

33ms
)−2eV ∼ 15 TeV. (1)

Advection along the MSP wind shocks within GCs (Bednarek & Sitarek 2007)

Emax ≈ 4 − 40 TeV



Stellar radiation field inside GC (Bednarek & Sitarek 2007)



Gamma-ray spectra (Bednarek & Sitarek 2007)



Gamma-ray spectra from Tuc 47 and Ter 5 (Bednarek & Sitarek 2007)



Tuc 47 - TeV Gamma (Aharonian et al. 2009)



M13 - MAGIC (Anderhub et al. 2009)

M13, M15, M5 - VERITAS (McCutchen et al. 2009)



Ter 5 displaced TeV Gamma source ? (Abramowski et al. 2011)

HESS: TeV γ source shifted from centre of Ter 5 or not related ?



Search for TeV sources towards GCs (Abramowski et al. 2013)

(most not detected in GeV γ-rays by Fermi)



M13 - MAGIC (Anderhub et al. 2009)
(Emission model by Bednarek & Sitarek 2007)

M13, M15, M5 - VERITAS (McCutchen et al. 2009)



TeV gamma produced by leptons directly from MSPs
(Venter et al. 2009, Zajczyk et al. 2013)



Asymmetric TeV source in vicinity of Ter 5
(Bednarek & Sobczak 2014)
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• Red giant winds mix with pulsar winds (Globular Cluster wind).

• GC wind interacts with surrounding medium → bow shock.

• Bow shock focuses the GC wind flow opposite the the GC motion.

• Leptons in GC wind produce displaced TeV γ-source.



Recent developments by Kopp et al. (2013)
(Investigated morphology of non-thermal source towards GC)

• TeV source slightly extended (∼ 7 arc min for 5 kpc.).

• TeV emission peaks at ∼ 10 pc → dominated by IC of CMB and galactic

• TeV γ from inside and outside dominated by IC of stellar radiation



Recent developments by Bednarek et al. (2015)
(Investigated escape of leptons from GC)
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Injection of leptons into GC
(Investigated escape of leptons from GC)

• Spectra of leptons.

Mono-energetic (close to) leptons from inner MSP magnetospheres.

Leptons with power law spectrum from terminated MSP wind.

• Source of leptons.

Injection from population of MSPs within GC.

Injection from dominating, energetic, single MSP.

• Power in leptons normalized to power in GeV (pulsed) γ-rays of MSP(s).

χ = L±/LMSP
γ

⇓

χ should be predicted by accel./rad. models of MSPs
⇓

χ can be constrained by obs. of TeV γ-rays from GCs.



Expected spectra from mono-energetic leptons
(injected from the MSP J1823-3021A in NGC 6624)
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Figure 1: SED by leptons from J1823-3021A in NGC 6624. The spectra as a function of the velocity of the GC wind for vadv = 0 cm s−1 (dotted),
107 cm s−1 (dashed), and 108 cm s−1 (solid) (figure (a)). Other parameters of the model are the following, distance from the core d = 0.12
pc, magnetic field strength at the core B = 3µG, and the energy of leptons 30 TeV. Dependence on energies of leptons are shown for Ee = 1
TeV (solid), 3 TeV dot-dashed), 10 TeV (dashed), and 30 TeV (dotted). Dependence on the magnetic field strength is shown for Bc = 1µG
(dot-dashed), 3µG (dashed), 10µG (dotted), and 30µG (solid) for other parameters as above and the distance of MSP from the core 0.12 pc
(c). Dependence on the real distance from the core of GC for d = 0.12 pc (dot-dashed), 2 pc (dashed), 4 pc (dotted), 6 pc (solid), and 8 pc
(dot-dot-dashed) assuming other parameters as above and the GC wind velocity equal to zero (d). Dependence on the value of the diffusion
coefficient equal to the Bohm diffusion coefficient DB (dot-dashed), 3 × DB (dashed), 10 × DB (dotted), and 30 × DB (solid) (e). The MAGIC
and CTA 50 hr sensitivities are marked by thin dashed and dot-dashed curves.



Expected spectra from leptons with the power law spectra
(injected from the MSP J1823-3021A in NGC 6624)
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Figure 2: As in Fig. 8 but for leptons with the power law spectrum and the spectral index equal to 2 between

100 GeV and 30 TeV. The dependence of the spectra on the advection velocity of the GC wind (figure (a)),

on the maximum energy of injected leptons (b) for 3 TeV (dot-dashed), on the magnetic field strength (c),

on the injection distance from the centre of GC (d) on the diffusion coefficient (e), and on the spectral index

equal to 1.5 (solid), 2.05 (dotted), and 2.5 (dashed) (f).



Possible limits on lepton injection rate (parameter χ, σ)
(from comparison with sensitivities of present Cherenkov telescopes - 50 hrs)

Mono-energetic leptons:

vadv (cm/s) 0 106 107 108

χ (σ) 0.04 (250) 0.04 (250) 0.05 (200) 0.17 (58)

E± (TeV) 1 3 10 30
χ (σ) 0.14 (70) 0.04 (250) 0.23 (42) 0.26 (37)

D/DB 1 3 10 30
χ (σ) 0.04 (250) 0.05 (200) 0.09 (110) 0.23 (42)

Relation of parameters σ and χ

⇓

σ ≈ (LSD − L±)/L± ≈ 10LMSP
γ /L± − 1 ≈ (10/χ) − 1

[assumed LMSP
γ ≈ 10%LSD (Abdo et al. 2010)]

Note: in terms of 3D general, relativistic polar cap model
estimate of χ ∼ 0.3 − 0.5 (Venter & de Jager 2005,2008).



Possible limits on lepton injection rate (parameter χ, σ)

Power law spectrum of leptons:

vadv (cm/s) 0 106 107 108

χ (σ) 0.17 (58) 0.17 (58) 0.34 (28) 1. (9)

D/DB 1 3 10 30
χ (σ) 0.17 (58) 0.26 (37) 0.56 (17) 0.9 (10)

Acceleration region in the parts of MSP wind with σ >> 1.

Note: σCrab << 1 (Kennel & Coroniti 1984),
σVela ∼ 0.1 (Sefako & de Jager 2003).



Conclusion

• GeV γ-rays from GCs produced in MSP magnetospheres

• ∼TeV γ-rays are expected if leptons acceler. by MSP leptons

• First obs. with CTs do not provide enough constraints

• But, CTs can provide important constraints on pulsar physics

• Deep obs. with CTs can constrain χ (σ) below theoretical expectations


