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Abstract: Fermi LAT has discovered two extended gamma-ray bubbles abalvieedow the galactic plane. We propose
that their origin is due to the permanent energy release in the Galactic (éfas a result of star accretion onto the
central black hole. Shocks generated by these processes projeigdle Galactic halo and accelerate particles there.
We show that electrons accelerated up~tol0 TeV may be responsible for the observed gamma-ray emission of the
bubbles as a result of inverse Compton (IC) scattering on the relic phoWa suggest that the Bubble could generate
the flux of CR protons at energies 10'® eV because the shocks in the Bubble have much larger length scalesigad lo
lifetime in comparison with those in SNRs. This may explain the the CR spectiounedhe knee.

Keywords: Galaxy: halo — radiation mechanisms: non-thermal — acceleration tilear— shock waves

1 Introduction lead to the maximum energy of accelerated particles much
larger than can be reached in SNRs. In this respect, we
Fermi bubbles are symmetric structures elongated abo@gsume that acceleration of protons in Fermi bubbles may
and below the Galactic plane for about 8 kpc [13]. Theigontribute to the total flux of the Galactic cosmic rays (CR)
discovery is one of the most remarkable events in astr@bove the 'knee’ breakx 10'°eV).
physics. The origin of the bubble is still enigmatic and up
to now a few models were presented in the literature. T
team, which subtracted this structured gamma-ray emissi
from the total diffuse galactic emission presented diffiére ) ] .
explanations of the phenomenon though they seem to trefd it Was assumed in [7] the central massive black hole
towards the model of a single huge energy release in tf@Ptures a star every, ~ 10* - 10° years and as a re-
Galactic center (GC) when about 10 million years ago 8ult releases energy aboflf ~ 10°% erg in the form of
huge cloud of gas or a star cluster was captured by the Ce_wbrelatlwstlg partlc!es which heat the centgal 100 pc
tral black hole that produced the Fermi bubbles seen todd). the GC. This heating produces a shock propagating into
Later it was shown that electrons may be accelerated by tHe€ surrounding medium [15]. For exponential atmosphere
turbulence excited by Kelvin-Helmholtz instabilities J12 With plasma density profile
Another interpretation was presented by [8] who proposed

Structure of Shocksin the Fermi Bubble

arelatively slow energy release (10%° erg s!) due to su- p(z) = poexp <—Z> ) 1)
pernova explosions as a source of proton production in the 0
GC which emitted gamma-rays there. an analytical solution for permanent energy injection by

An alternative explanation based on the assumption that teear accretion was obtained by [10]. Herds the coor-

energy for the Fermi bubbles was originated from star caglinate perpendicular to the Galactic plane. The radius of

ture events which occurred in the GC eveéfy —10° years the bubble as a function of the heighaind the time is

was suggested by [7]. About one thousands of such events

form giant shocks propagating through the central part of 4|1 = Y S

the Galactic halo and thus produce accelerated particle re!’ = 220€0s — |ge*0 | 1 - (QZO> te o, @

sponsible for the bubble emission. Processes of partiele ac

celeration by the bubble shocks in terms of sizes of the egthere

velope, maximum energy of accelerated particles, etc. may ¢ V1 aWt 0.5
=/ )

0

®3)

differ significantly from those obtained for SNs that may 5 /\V(t)p
0
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A knee steepening. We remind that the generally accepted
point of view is that the flux of relatively low energy CRs
(< 10%eV) is generated by SNRs which ejects a power-
law spectrumE ~2 into the interstellar medium. This spec-

(W trum is steepened by propagation (escape) processes in

(ﬁ\\ the Galaxy in accordance with the spectrum observed near

o 5 @y ; i Earth (for details see [4]). However these sources can
Py hardly produce CRs with energies more thai®eV (see

5] [2, 3]). Just at this energy a steepening (the knee) in the CR
spectrum is observed. We assume that the bubble may gen-
erate the flux of CRs at energies abavé’eV. The origin
10 of CRs with energies abov'®eV is the goal of this sub-
section. It is natural to assume that the bubble shocks may
Figure 1: The bubble multi-shock structure. produce this flux considering their large scales and long
lifetimes.

In the framework of our model one can imagine the bubble
as a volume of the radius 6 -10 kpc filled with hundreds
of shocks propagating in series one after another. The fre-
quency of shock injection (star capture) is poorly known
parameter, especially for the conditions of the GC. From
the analysis of shock hydrodynamics we estimated the age
a is the position of the shock top of outer shock byt 08 yr though this value depends strongly
on parameters of the self-similar solution which is a strong
Y simplification of conditions in the Galaxy. The frequency
a(t) = —2zoIn (1 B 220) ) (5)  of star capture by a central black hole is estimated from
theoretical treatments ~ 10~* — 10~%yr~! [1]. Thus, a
W = &/ is the average luminosity of the central sourcemulti-shock structure can be produced by the capture pro-
~ is the polytropic coefficient, and and\ are numbers [5]. cesses with an average distadcbetween separate shocks

Depending on capture parameters one can imagine the b@hen by
ble interior as a volume filled with many shocks of different
ages (see Fig.1).

— 9.1040 1 _ — —3
;cjerglr/logkgre;((:)hesezajhe,i;%i: 84k|::)€:cf§rnt?17;0tim;& imlog’ On the other hand there is another spatial scale which
yr. The average plasma temperature in the bubble interigharacteri-zes_processes of particle a cceleratiqn by. &sing
is aboutT ~ 1 keV, the plasma density ~ 10—2 cm—? Shock which islp ~ D/u whereD is the spatial diffu-
and the maximum ;adius of the bubblg,, . ~ 6 kpc sion coefficient near a shock andis the shock velocity.
az = 0 KPC. Depending on the relation betwednand!, there may
be different regimes of acceleration in the bubble. This
3 Particle Acceleration by the Bubble problem of particle acceleration in supersonic turbulence
Shocks or multi-shock structure was analyzed in [6]. The accelera-
tion regime is characterized by a dimensionless parameter

V is a current volume enveloped by the shock

a(t)
V(t)=2n / r?(z,t)dz, 4)
0

L = Teapu = 30(v x 3 x 10*yr)(u/108cm/s)pc.  (6)

Correct analysis of shock acceleration in the bubble re- L ul
quires sophisticated calculations of each stage of this pro Y= "D’ (7)
cess which we hope to perform later. Now we present
simple estimates of characteristics of accelerated spectlf ¢ << 1, the diffusion length scale of a single shock
We analyze spectra of protons and electrons separately be- exceeds the distance between shoéks Therefore,
cause they are formed by completely different processgsirticle are accelerated by interactions with many shocks
and as we later conclude their spectral characteristies dihat gives the acceleration similar to the classical stsiha
fer strongly from each other. We present also the spectrufermi acceleration. The critical energy for this regime
of gamma-ray emission produced by inverse Compton (IG)f acceleration is estimated from the conditipn~ 1 or
scattering of the accelerated electrons in the bubble. {(E1) ~ L. In the Bohm limit with the diffusion coeffi-
cientD ~ crp(E)/3 wherery (E) = E/eB is the particle

3.1 Proton Spectrum Larmor, the value of?; is

. eBLu 5( B L u
Below we analyse the spectrum of protons accelerated if; ~ =10 el 30 105cm) eV.
the bubble and discuss whether the bubble contribution H pe amrs

to the total flux of CRs in the Galaxy may explain the\Nhich is about of the position of the knee break.



32ND INTERNATIONAL CosMIC RAY CONFERENCE BEIJING 2011

Al vl il vl 0l Ll

T RN R TTIT BT . . - .
Tibet (SBYLL 2.1) B For the Bohm diffusion coefficient we can estimate the up-
KASCADE (QGSJET 01) L. . B

per limit for E¢, _ which is

KASCADE (SYBILL 2.1)
KASCADE-Grande (2009) max

omel

T

HiRes |

10° O HiRes L
Auger (2010) eHU/Q
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£° dN/dE eV m?s’ sr']

vo° L that gives for the velocity, = 10® cm s™!, the magnetic
i SR field strengthH = 10~° G andw,;, = 0.25 eV cm® the
N 5 ) i maximum energy of accelerated electrons aliog, ... ~
10° 1 ‘ - 5 x 10'3eV, i.e. for electrons < Eppnae << Ei. It
S A SN B TN Al follows from this inequality that electrons are acceledate
0 10 10 107 R T in the regimey) >> 1. Kinetic equations for this case were

10
E (eV)

derived in [6].
Figure 2: The Bubble contribution to the flux of CRs. Theln the case of electrons there is one more spatial parameter
data are summarized in [11]. essential for acceleration by shocks, namely the electron
mean free path. Therefore we have two more dimension-
less parameters which describe electron acceleratiorein th
case of supersonic turbulende, /A andip/A. Nearby
&Rocks electrons propagate by diffusion, anthere is a
function of energy

The kinetic equation for the cagse<< 1 (£ >> FE;) con-
verges to the diffusion in the spatial and momentum spac
(Fermi stochastic acceleration) in the form

B af 10 10 20f
—-D(p)5- + —5-Dplp5- + 5 5-rlp,p)p" - =0 D
0z 0z  pop dp ~ p*0p dp ) Ap(E) ~ \/; (15)

wherep andz are the cylindrical spatial coordinatesjs
the particle momentufTD(P) is the spatial diffusion coef- Erom Eg. (13) one can see that fBr < E¢ __ we have

max

ficient and the momentum diffusion coefficients X > Ip i.e. acceleration by shocks is effective.
. u: 2 (10) Far away from shocks electrons propagate by convection
L’ and for the velocity, the mean free path is
The momentum dependence pfcan be presented by a M (B) ~ u (16)
power-law function,f(p) « p~—, wherey should be de- v BE

termined from Eq.(9):
For relatively low energy electrons(E) > [, and a

N regime of multi-shock acceleration for electrons is readiz
T=3 + 4 wu?H? in this case where interactions with many shocks change
where H is the height of the Galactic halo and = slowly the shock taE—! (for details see [6]) \_/\{hich pro-
Do(E/Ey)¢ is the average diffusion coefficient in theduces a hards~" spectrum . The break positiafi* be-
Galaxy. ForH =~ 10 kpc, Dy ~ 10% cmis!, ¢ ~ 0.3, tween the single shock and multi-shock spectra follows

E, ~ 3 GeV [14] andu = 10% cm/s, L = 100 pc we [rom the equality\(E”) = Isn

havey ~ 5, i.e. the power-law spectrum aboie!> eV is i} u

in the form N (E) oc E~3 as necessary for the knee spec- B~ Bl 17
trum. The contribution of protons to the flux of the Galactic .

cosmic rays is shown in Fig. 2. that gives e.gE* ~ 2.8 x 10'! eV forl,;, = 10%! cm.

If we assume that the bubble gamma-rays are produced
3.2 Electron Spectrum and Spatial Distribution by IC scattering of electrons on the relic photons, then it

follows from our model that: 1. the drop of the bubble
Unlike protons relativistic electrons lose their energgef gamma-ray flux afZ, < 1 GeV as observed by [13] is due
tively by synchrotron and inverse Compton radiation. Theop a flattening of electron spectrum Bt < E*; and 2. a
rate of energy loss of electrons is drop of this spectrum in the rande, > 100 GeV is due to

JE £ \2 a cut-off in the electron spectrum &t ~ E¢, .. The ex-
— = —BE* = —cor (wy + W) () . (12) pected spectrum of gamma-ray emission from the Bubble
dt MeC due to IC scattering of the electrons is shown in Fig. 3.

The maximum energy of electroifs,,,, can be estimated Spatial distribution of the gamma-ray emission in case of
if the spatial diffusion coefficient at the shodk,, is single shock and in case @f uniformly spaced shocks

known. From Eq. (12) we have separated by distandeis shown in Fig. 4. For the multi-
w2e ple shocks it was assumed that they fill only the outer part
E¢ (13) of the Bubble, i.e., they are located at distances 3 kpc, 3

~Y
mas ™ D,y
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Figure 3: The spectrum of gamma-ray emission from

Fermi bubble in case of multi-shock acceleration. Dat&igure 4: Spatial distribution of the gamma-ray emission.

points are taken from [13]. Data are from [13].Top: in case of single shock. Dotted
line correspond to D=9 cm?/s, solid to D=16° cm?/s,
dashed to D=18 cm?/s and dash-dotted D=%0 cn¥/s,

Ko —Ls, ..., 3 kpc—NV - s, from the center of the Bub- Bottom: in case of several uniformly spaced shocks sepa-

ble. One can see that in case of single shock and in Cas€ad by distancé — 100 Dotted |i ds t
when the bubble volume is uniformly filled with 30 shocks ed by disianc pe. DOUed i corresponas ‘o

) . ) amount of shocksV = 5, solid line toN = 10, dashed
(N = 30, dash-dotted line) the fitting of the experlmentalIine to N = 15 and dash-dotted line &y — 30.

datais not very good. The spatial distribution is reproduce

well if the number of shocks is around 15 (dashed line), i.e.,

if shocks fill only the outer 1-2 kpc of the Bubble (see alsdMY3 and Taiwan Ministry of Education under the Aim for

[12]). Top University Program National Central University.
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