PROCEEDINGS

OF SCIENCE

Gamma-rays from millisecond pulsar population in
the Galactic Centre

Wlodek Bednarek *
Department of Astrophysics, University of £6dz
E-mail: pednar @ini . | odz. pl|

T. Sobczak
Department of Astrophysics, University of £6dz

The central dense stellar cluster in the Galactic Centretliiasnass of~4 times larger than
that of the central black hole. This cluster is expected tttao a large number of millisecond
pulsars (MSPs) within the central parsec of the Galacticti@gsrovided by collapsing globular
clusters. We propose that the GgAray emission, observed from the Galactic Centre, is indact
cumulative effect of the emission from several globulastdus captured by the Galactic Centre
black hole. The millisecond pulsars accelerate leptonsi@ir twind zones to energies of the
order of a few tens of TeV. We calculate the expected TeMy emission produced by these
leptons by the Inverse Compton Scattering process in theradifation field. It is shown that
this emission can be responsible for the multi-TeYays observed by the Cherenkov telescopes
from the Galactic Centre for reasonable densities of theradfation, diffusion models for the
propagation of leptons, and their injection parameterséBuand spectral proprieties). If the
energy conversion efficiency from the pulsars to the rdkitesleptons is of the order of 10%,
then about a thousand of MSPs have to be present in the celofstgr in the Galactic Centre.
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1. Introduction

y-ray emission was detected from the source 3EG J1746-2851 towar@athetic Centre
(GC) in the GeV energy range already by the EGRET telescope (Hartman X399, Mayer-
Hasselwander et al. 1998). The existence of this source was recenflymed by the Fermi-LAT
observations (Abdo et al. 2010a). Observations with various Chevetgtescopes discovered
also they-ray emission extending up to several TeV (Tsuchiya et al. 2004, Kosiaal. 2004,
Aharonian et al. 2004, Albert et al. 2006). Although GC varies stromagliower energies, the
GeV-TeV flux seems to be steady in the time period of several yearsy-fdaeemission from GC
shows two distinct components since an extrapolation of the multi-GeV spedwasmnot meet
the level of the TeV emission (Chernyakova et al. 2011). The TeV spacis well described
by a power law (differential spectral index12t 0.04sta:+ 0.10sys) With an exponential cut-off at
15.7 4 3.4sta1F 2.5¢yst TEV (Aharonian et al. 2009), extending up to a few tens of TeV (Aharon
et al. 2004). The TeV source is coincident with the position of the supesinedslack hole Sgr A
within an error circle of 13 arcsec. An upper limit on the source size ofit.&n, corresponding
to ~3 pc, was derived by Acero et al. (2010).

In this work, we consider the hypothesis in which the central stellar clustkeei@C is respon-
sible for the high energy processes observed from the direction gt'S@or details see Bednarek
& Sobczak 2013). Following the proposition of Wang et al. (2005, see/Aimzajian 2011), we
assume that the Gey-ray emission is due to the cumulative effect of several globular clusters
captured by the central black hole. In fagttay emission with very similar spectral features has
been recently detected by Fermi-LAT from globular clusters (Abdo et0dl0B). We propose that
the TeVy-rays from the direction of GC are produced by leptons with multi-TeV engnrgldch
Inverse Compton up-scatter the infrared and optical background irettieat stellar cluster around
the supermassive black hole identified with the Sgr A

2. Central stellar cluster in the Galactic Centre

The central region of the Galaxy contains a stellar cluster with the massid x 10’ M,
surrounding the central supermassive black hole with the mass 10° M.... Itis argued that such
cluster could appear as a result of a merger of several globular d&#2s) due to dynamical
friction (Antonini et al. 2012, Capuzzo-Dolcetta et al. 2013). The edmiuster has a uniform
core with the radius dR. = 0.5 pc and the stellar density profile outside the core described by the
functionp Or~18 up to~ 30 pc. Itis well known that globular clusters contain large populations of
millisecond pulsars (MSPs). In fact, about half of observed MSPs discevered within globular
clusters (Harris 1996). It is estimated that some globular clusters may copt&éna few hundred
MSPs. These expectations are consistent with the recent observdtibies@eV y-ray emission
from several GCs by the Fermi-LAT telescope (Abdo et al. 2009, Alidd.e2010b, Kong et
al. 2010, Tam et al. 2011). If the above hypothesis is correct, theretiteat stellar cluster could
contain up to a few tausend MSPs which might be responsible for the edlsBaN emission from
the Galactic Centre (see the model by Wang et al. 2005).

We propose that MSPs in the GC can accelerate leptorsitd0 TeV in their wind regions.

In fact, efficient acceleration of particles to energies of this order igrbsd in the case of the
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winds around several classical pulsars. The acceleration in the wiliSFs is expected to occur
similarly since the processes in the inner magnetospheres of both groppksalfs are expected
to be the same (similar spectral features of the pulsed GeV emission). Notesihztar scenario
has been recently considered in the models for the je&yy emission from the globular clusters
(e.g. Bednarek & Sitarek 2007, Venter et al. 2009, Cheng et al. 2010)

For the basic parameters determining our model we adopt those genernadigteat with
the observational constraints on the magnetic field strength in the centi@h @gthe GC B >
50uG, Crocker et al. 2010) and on the GC infrared and optical radiation (@gldrgy densities
~ 10* eV cmi 3, Mezger et al. 1996, Kusunose & Takahara 2012). Leptons injectedsirch
environment diffuse from the central cluster losing energy on the sgtroim and Inverse Compton
(IC) radiation.

3. Radiation from leptons

In our model, MSPs are responsible for the acceleration of leptons in tiv@kstellar cluster
in GC. A MSP creates a strong pulsar winds with the power defined by tharpndsic parameters,

Lo~ 3.6x 10**B3/P{ ergs?, (3.1)

whereBpy = 3 x 10°Bg G is the pulsar surface magnetic field strength, Bng= 3P; ms is the
pulsar rotational period. The mean distance between MSPs within the cgagtalr in GC can be
estimated as,

D=3x10"RN; ¥® cm, (3.2)
whereR. = 1R; pc is the core radius of the central cluster, &he 10°Ns is the number of MSPs
within the central cluster. The MSPs move within the core of the central clustertypical
rotational velocities in the gravitational potential of the cluster of the order of

Vr = /2GM/R=~ 300(M7/Ry)¥? kms?, (3.3)

whereG is the gravitational constari¥] = 10’M; M, is the mass of the cluster withR

The wind of MSP interacts with the cluster medium creating a bow shock with st &g,
that can be determined from the comparison of the kinetic energy densitg ofédium (relative
to pulsar) and the energy density of the pulsar wind,

Lp/4TCRE, = pV7 /2, (3.4)

wherelLp = 10**L34 erg/s is the energy loss rate of the pulsais the velocity of light,Rsp is the
shock radiusp = 10°p3 cm 2 is the density of matter in the central cluster, ane 3003 km st
is the velocity of the pulsar. The distance of the shock from the pulsar is éstiftam Eq. 3 and
4,

Reh= 1.9 x 10MLY2/p3%v; cm, (3.5)

i.e. it is much smaller than the characteristic distance between MSPs in the cluserWwe
estimate the magnetic field strength at the shock from the pulsar site by scalio itfe pulsar
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surface. The dipole structure of the magnetic field is assumed within the lightdey radius
(B(r) Or~3) and its toroidal structure in the MSP wind regid(i) 0 r~1). Then, the magnetic
field strength at the shock is of the order of,
Bsh= NBLcRLc/Reh 7.5 % 10*n_1Bgpy 2va/(L3,7P2) G, (3.6)

whereB ¢ = Bp(RNS/R._C)3 is the magnetic field strength at the light cylindBys = 10° cm
is the neutron star radiugy = 0.1n_1 is the magnetization parameter of the pulsar wind, and
R.c = cP/2mis the light cylinder radius.

We assume that leptons are accelerated at the shock reaching a powpetamm up to the
maximum energy defined by the escape from the shock region or by th&itiom energy losses.
After all, the Larmor radius of leptons accelerated at the pulsar wind shock

R. = cP/eB~ 3 x 10%Erey/B_4 cm (3.7)

(whereE = 1Etey is the lepton energy in TeV), has to be smaller than the extent of the SRgck,
This allows us to put the upper limit on the lepton energy of the order of,

EL ~48n_1Bg/P? TeV. (3.8)

The energies of leptons can be also limitted by their synchrotron energgsloseheir maxi-
mum energies can be estimated by comparing the electron acceleratioEagat:e,EcE/R._ ~
10°¢_1B_4 eV s (whereé = 0.1&_1 is the acceleration coefficient), with the synchrotron en-
ergy loss ratefsyn = (4/3)corUgy? ~ 35B? JE%,, eV s 1. This comparison giveBJa* ~ 1.7 x
10%(é_1/B_4)%? TeV. The acceleration of leptons may be saturated also by their energg loss
on the Inverse Compton process in the Klein-Nishina regime for the case aiftared and op-
tical photons. We roughly estimate lepton energy losses in the Klein-NishiNa (&gime by
applying the value of the transition from between the Thomson (T) and KNneegéT/KN =
(4/3)CGTUinfy$/KN ~6.7x10° eVs! whereyr xn = mec?/ginf ~ 5 x 10° is the Lorentz fac-
tor of leptons corresponding to the transition from the T to KN regimes. Thkeggrdensity of
the infrared photons (with energiegs ~ 0.1 eV) is estimated adi,s = 10* eV cm 2 (Mezger et
al. 1996), consistently with the observations of Davidson (1992). Thieabackground, which
is less important here due to the more energetic photons, is estimatetf a8 &0 s 1 (Mezger
et al. 1996). Therefore, the IC energy losses in the KN regime candaitianally constrain the
maximum energies of leptons accelerated to energies given by Eq. 8. ndkeide that for likely
parameters of the acceleration scenario (&.g.= 1 for the relativistic pulsar wind anél ~ 10~
G) the limits due to energy losses of leptons are clearly less restrictive thabakre limit due to
the Larmor radii of particles. Therefore, we conclude that electromsezch energies of the order
of ~ 100 TeV for typical parameters of the MSPs within the central cluster (etgtional period
of 2 ms and surface magnetic field 0k3.0® G, see e.g. Wang et al. 2005).

Leptons accelerated at the MSP wind shocks, with the power law specktemdang up to
energies of the order of a few tens of TeV, diffuse outside the clusteactteg mainly with the
infrared and optical radiation field of the central cluster. We consideetprescriptions for the dif-
fusion model of leptons in the central cluster. In the first model, we assuahéhihmagnetic field
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in the region between the shocks is highly turbulent. Therefore, the Bdffusidn prescription
seems to be appropriate. The diffusion coefficient is then given by,

Dgohm~ 3 x 1023<ETeV/B—4) cnés L. (3.9)

In the second diffusion model, we apply a prescription for the diffusiaffiment appropriate for
the Kolmogorov spectrum of turbulence which is more characteristic for tldkumen the galactic
disk. In this case, the diffusion coefficient has the form,

Dkol & 1.3 % 107"(Erev/B_4)Y3 cns. (3.10)

The diffusion coefficient has been normalized in the way described inde# & Protheroe (2002),
i.e. to the case when the Larmor radius is equal to the extend of the size dfftisod region
assumed to be equal to 3 pc. In the third diffusion model we assume the Kalovggescription
for the diffusion coefficient but with its value one order of magnitude large

We calculate the IG-ray spectra produced by leptons in the model discussed above by apply
ing the Monte Carlo code developed for thieay production in GICs (Bednarek & Sitarek 2007).
We follow the propagation of leptons in the magnetic and radiation field of thieadetellar clus-
ter up to the distance of 3 pc from the Centre assuming that density of rad&tiaiform within
the core with the radius of 0.5 pc and for larger distances drop accaaling 18 (see Capuzzo-
Dolcetta et al. 2013). These leptons are injected with the differential pewespectrum (spectral
index 2.) and the cut-off at 50 TeV (see Eq. 8) in the core of the clusisrifdund thaty-ray spectra
depend weakly on the applied diffusion model of leptons within the cengameof Galaxy. Only
for the largest considered values of the diffusion coefficient, in the Kgbmav model, the TeV
flux (mainly around~100 GeV) starts to drop due to the escape of leptons from the cluster core.

4. y-ray spectrum from GC

We propose a two component origin of the high engrggys from the GC. The lower energy
component, extending through the GeV energy range, is interpreteceds they-ray emission
from several globular clusters which create the central cluster asith of$he coalescence. This
interpretation is supported by the recent discovery of Gedys from several globular clusters
(GICs) (Abdo et al. 2010, Tam et al. 2011). In fact, freay spectra of some GICs can be well
described by a power law model with the exponential cut-off at a few GleWever, the broken
power law model also seems to work well for some GICs especially for TelG&; H652, M62
(see Fig. 2in Abdo et al. 2010) or even a single power law model for N&IO GAbdo et al. 2010).
Moreover, Tam et al. (2011) explicitly state that discovered by theay emission from GICs can
be well described by a single power law model (see e.g. Fig. 5 for LillerdlFag. 6 for NGC
6624 in that paper). As an example, we show in Fig. 1 the shape ofthg spectra from two
GICs, Ter 5 and M62 (see solid lines marked by "I" and "II" GC MSP),eobsd by Fermi-LAT
(Abdo et al. 2010b), after renormalization to tjreay flux observed from the GC. The observed
level of GeV emission from the GC (e.g. Chernyakova et al. 2011) camberstood in terms of
such interpretation provided that MSPs from several GIC (with typical @e&y luminosity of a
few 10 erg s, e.g. Ter 5, Lilier 1, or M62) are accumulated in the central stellar cluster.
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Figure 1. Spectral energy distribution gfrays from the Galactic Centre region measured by Fermi-LAT
(dotted lines, Chernyakova et al. 2011) and the HESS Cattdilom (dashed curves, Aharonian et al. 2009).
The GeVy-rays are interpreted as the contribution from the poputatif the millisecond pulsars present
in the central region of Galaxy as a result of a merger of sdwgobular clusters. As illustration, we show
y-ray spectra of two GICs: Ter 5, solid curves marked by I, ané2yimarked by Il (see Abdo et al. 2010b),
after renormalization to the GeV flux from the GC. The TgYays are produced by IC of leptons accelerated
in the MSP wind regions. The calculations have been doneBer 104 G, L = 10" L, ups = 10* eV
cm 3, R= 3 pc, and the Bohm diffusion model with Eq. 10.

The second, higher energy component, inyray spectrum observed from the GC by Cherenkov
telescopes isinterpreted as due to the IC scattering of soft infraregtindldackground radiation
by relativistic leptons accelerated by this same population of MSPs. As ampéxawve compare
the ICy-ray spectrum produced by these leptons with a power law spectrum, wipeleral index
equal to 2 extending up to 50 TeV with the HESS TeV measurements. Thevetidevel of TeV
y-ray emission can be understood in terms of this interpretation provided thataluct of the
energy conversion efficiency from the MSPs to relativistic leptgnsimes the number of MSPs,
Nwsp, is of the order ofy - Nusp ~ 110, if the typical parameters of the MSPs Bggsp = 3 x 10°
G andPysp = 3 ms. If the acceleration of leptons in winds of MSPs occurs as obsergedd
classical pulsars, then about a thousand of MSPs should be predhetdentral stellar cluster
around Sgr A. We find that the synchrotron X-ray emission from leptons acceleratedlsgrs is
consistent with the low state of the X-ray emission observed from centrséparound Sgr Aby
Chandra in the energy range 2-10 keV (Baganoff et al. 2003) geduvthat the average magnetic
field strength in this region is not significantly larger tharlO0uG.

In the model discussed above we consider also the extend of the/fay source. This

diffusion distance can be estimated fr&g): = 2DT|E/KN, whereD is the diffusion coefficient

given by Eq. (10) or Eqg. (11), an(i:/KN = Ee/ET/KN is the energy loss time scale of electrons in the
KN regime, and the energy loss rate in the Klein-Nishina regEﬁag(N, is given above. The largest
energy losses of electrons are expected due to their scattering of theihfiadiation. For the
parameters given above, the diffusion distance is estimat&§@f ~ 9.5 x 10'5E /B2 cm in the
case of Bohm diffusion anBX9' ~ 6.2 x 1017E2/3/BY; cm in the case of Kolmogorov diffusion.
For the electrons with energies of 50 TeV, these diffusion distancesjaaéte~ 4.7 x 10+’ cm and
~ 8.5 x 108 cm, respectively for the Bohm and Kolmogorov diffusion coefficientsesehdiffusion
distances are smaller than (or comparable to) the upper limit on the extendl@\theray source
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at the Galactic Centre estimated on 2.9 pc by the HESS Collaboration (Acdr@@1@).

5. Conclusion

The GeVy-ray emission from the central parsec around Sgcan be produced in the central
cluster which is due to the capture of several globular clusters by theatbtgck hole (Antonini
et al. 2012). We explain the steady TeMay emission from this region as being produced by rel-
ativistic leptons, accelerated in the MSP wind regions, which up-scatteedefiared and optical
background radiation. The product of the conversion of the rotatiemaigy lost by the MSPs to
relativistic leptonsy, and the number of MSPs in the central clusigjisp, has to be of the order
of ~ 110, provided that a typical pulsar magnetic field is 308 G and the rotational period is 3
ms (see Wang et al. 2005). The valuexof- 10% postulates the existence of about MBPs in
the central cluster around Sgrr AWe show that the extend of the Tg¥ray source expected in
our model is consistent with the upper limit on the source size derived byESSHCollaboration
(Acero et al. 2010). Our model excludes any significant variability of3e¥-TeV y ray spectrum
from the central region around Sgr Adelow the presently observed emission level. Therefore,
an observation of GeV-Tey-ray emission on the level clearly below the presently observed one
would be inconsistent with this model.
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DISCUSSION

JEAMSH. BEALL: What is the time scale for collapse of the globular clusters onto the GC ?

WLODEK BEDNAREK: The time scale for collapse of the globular clusters onto the GCL&

Gyrs (see simulations by Antonini et al. 2012).

JEAMSH. BEALL: How sensitive is your calculation to the position of the pulsar’s shock ?

WLODEK BEDNAREK: The maximum energies of leptons, accelerated in the pulsar winds, are

dependent on the maximum available potential drop which scales with the @i$tantthe pulsar
and the value of the local magnetic field strength in the wind. Since the maximumitipbia

the pulsar wind is independent on the distance from the pulsar (due to theaiastructure of the
magnetic field), the maximum energies of leptons (and so the results of calns)atmnot depend

on the position of the shock in the pulsar wind.



