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Bubbles from the Fermi and Planck datz:

Images of the the FermiBubbles Dobleret al. 2010, Set al. 2010
and the
GalactidHazeat 30 and 44 GHz extractedfrom the Planckobservations
(Planck Collaboration, 2013) .

Fermi data reveal giant gamma-ray bubbles

The morphology similarity and correlation
between GHz and gammray GeV
luminosities implies that the bubbles are real
and their multtwavelength emissions have
O2YY2Yy 2NRAIAYD ¢KS S
implies a population of anomalously hard
spectrum electrons toward the GC



What do we need to explain?
Geometry of the Bubbles

* DoubleBubble structure
e Constant surface luminosity
e Sharp edges

Fermi data reveal giant gamma-ray bubbles
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Spatial distribution of the Bubble gammpnay emission

Fermi data reveal giant gamma-ray bubbles

Y

E2J (10 Gevem™s™ s

-5 0 5 10 15
Distance from the edge, deg

4

Emission regions near the Bubble edges?
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What do we need to explain?
Spectral Characteristics

 Gammarays

Flux in the range 1100 GeV, "> 1p mergls
Spectrum 60 8
Cutoff at Ox 100 GeV

 Microwave radiation

Flux in the range 23%1 GHz, BX p v pTerg/s
Spectrum 6 8



Origin of the Bubble gammay emission

h necr Q
- Lifetime in the Bubblesp-1t yr. Can be

produced anywhere in the Galaxy.
- But how to confine them in the Bubbles?

ICQ 1017 Q
- Are confined in the GalaxXy 1 Myr)
- Should be producenh-situ

- Spectrum of secondary electrons is steeper

than follows from the Planck data

A) Crocker 8Aharonian 2011

Crocker et al., 2014, Yang et al., 2014
1) 0.04 SN¢eninsidel.5 of the GG>
erg/s (O~-n o Merg/s)
2¢YlIAYSGAO oIt a¢é
B) Fujita et al. (2013, 2014shock
C)Thoudam(2013)¢ injection +compression

160

11/12/2015

s)Su etal., 2010

Starburst “jet => giant shock fromp Tt erg
energy release

B) Guo& Mathews, 2011; Yang et al., 2012

6 Wkt Segtrorspiopdgdtion almast) without

scattering

O Mertsch & Sarkar, 2011

Stochastic Acceleration (Fermi I1)

D) Lacki2013¢ starburst wind, termination
shock

E) Cheng et al2011

Star captures> shock wave acceleration

Fermi Symposium VI



Leptonicmodel of tidal disruptiorof
stars and shock wave acceleration
(Cheng et al. 2011)

« . Energy carried away by relativistic protons of jets (Cheng et al) 2006

WX Q pTI (;@) <OU&>'Q‘I Q

 Why doublecbubble structure? Shock propagation in the exponential
atmosphere of the Galactic haldgmpaneetsolution, 1960
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The Number of accelerated particles?

(Bulanov and Dogiel,1979)
» Equation for shock acceleration from background plasma
T

o A Qop/Qn T op T .
—(o0(w O—) - —] Q O — —
Too<() szn(QZ) Tr]Q TR
 The number of particles accelerated from a background plasma

L - R A A I R
CEEY LR )




Acceleration from a background plasma by SNR

shocks In the Galactic Disk
(Erlykin Wolfendaleand Dogiel2015)




Velocity of the shocks In the exponential
atmosphere (from the solution of

Baumgartner and@reitschwerdf 2013

6 L | I I I I | I I I I | I I I I I . . . . |
0.0 0.5 1.0 1.5 20

Velocity of the shock front at the top
for the energy release
W PNMQIEE Q@ pmrQi Q



Shock fragmentation du® the RayleighTaylor
iInstability on the front(from the solution of
Baumgartner andBreitschwerdf 2013)

1510 77— 1
1.x10-7§ *
5.x10-°§ *
T f
10 - ]

107

y(nondim.units)

srg)

W
1333333

. 1[;-2 0.I1
Shock acceleration as e 0)

a function of altitude
4 Altitude of shock fragmentation

as a function of energy release W



Leptonicmodel of stochastic acceleration the Bubbles

(Mertsch& Sarkar, 2011)

From the ROSAT data of Snowden et al. (19%/3hock front t at the bubble edge with
the velocity p Tt TETl/s, the total energy estimated from parameters of the hot plasmeé
in the Bubbles p it erg, the age p Tyr;

Plasma instabilitiean particular Rayleighaylor andKelvinHelmholtz instabilitieswould
then generate turbulence at theuter shock as e.g. in SNR envelopes (from Yang and L

2013)

The instabilities areonvectedinto the bubble interior bythe downstreamplasmafiow;
Then the equation is

——(ho —f—r— (-9
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Region of turbulent magnetic fields
In the halo behind a shock front

A
Z 53bbe5(10 ~7vyear) kinetic energy

O
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The Model of Stochastic Acceleration

Is the model able to provided needed number of
relativistic electrons?
e TWO cases:

* a) Acceleration from background plasma;

* b) ReAcceleration oRelativistic Electrons emitted by
SNRs

Equations
Acceleration from background plasma

of 1.0 ,[(dp of]
E+?8_pp {(a)cf_{DC‘FDF(p) 8_p] =0

Reacceleration of SNR electrons

1 0 d 0
—VD(r,z,p)V [+ Ea_pPQ [d—zt?f — r(r, Z’p)a_ﬂ = Q(p,7)0(2)



Sufficient
acceleration

SERY
()
Insufficient ' v
acceleration (—) 34 O

(=) () eo
 Number of accelerated

o particles
lonisation losses 5 x 0 03('1 _)

dE
dt

0 - |
Figure 21.2. Comparison of the acceleration rate and energy loss rate due to ionisation
losses for a high energy particle.

« The question is how correctly estimate the number of
particles accelerated from background plasma



Spectrum of particles in the case of acceleration from a
background plasma&jurevich1960)

of 10 2[(dp af

_|_
ot p? 3pp

a) f {DC+DF() ap =0

N(p) T=const
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Acceleration from background plasma for the case when
Y B'Q weeEi o

«  Wolfe & Melia (2006) and Petrosian & »  ChernyshoyDogiel& Ko(2012):For a high
East (2008): The energy gained by the value of the acceleration momentum p, the
particles is distributed to the whole plasma run-away flux of thermal particlgs c_ools the
on a timescale much shorter than that of the plasma down from the very beginning. In
acceleration process itself. Because of the spite of energy supply by external sources
relatively inefficiency of bremsstrahlung for the plasma temperature drops down .
cooling the accelerated electrons, this tail is (a_nalogue to Maxwgll demon). Acceleration
quickly dumped into the thermal body of the with a prominent tail of accelerated
background plasma (plasma overheating particles. v
without a prominent tail of accelerated Do) =Dp°dp )
particles) . Fermi Acceleration «  The regime of acceleration depends

Plasma Plasma strongly on pg

g 1 Fermi Acceleration

=)

-« @

Nonth I
~ wz( il
gy

lonization Losses

q,\ Nonthermal
particles

5
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Spectrum of thermal andonthermalparticles
(from Chernyshowt al. 2012 and Cheng et al. 2014)

2

10 o

10% | =05 | | Plasma overheating
10° [ ) No acceleration

o | p0=0.8

f(p)

~10 B -

10 - ——;——————_*I

| \\‘\\g =10 1

S ; Plasma Cooling

107 =121 Stochastic acceleration
0.5 0‘.7 0‘.9 121 1‘.3 1‘.5 1‘.7 1292

p
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Maxwell demon

-".O.%. ¢ e
| (%

®
® Coc| Ceo
AXTN
". ® J @

System at Equilibrium

The Demon and the
friction-free trap door

System with Lower Entropy
(in violation of the Second Law)

Fermi Symposium VI
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Wave Absorptioy CRs

Equation for the spectrum of MHD fluctuation for tkeachnanrspectrum of
turbulence Normanné& Ferrara 1996)

j .
—[( ) ] 3 W+B1(Q Q)
Wave absorption increment
= g —Or]
Coefficient of momentum diffusion (stochastic acceleration)
ey . PEOTQ @(Q )
o) n 5

1. x10°4

1. x1071

1. x10 %

1. x1074 L

Dy ((me)2/s)

From Cheng et al. 2014

1. x1075 |

1. x10°16

0.5 1 2 5 10
p/me

Themomentum diffusion coefficient



Total spectrum of particles for the case of stochastic acceleratio
from a background plasma with a eoff acceleration
parameterO(n)) On—n n)
FromChernyshowet al. 2012 and Cheng et 2014

102 |
.4 R
10" | T _
-~z p0—0.5
10°F T
\ = p. =038
10-8 B 0
= i
10 T
B p.=1.0
10"} 0
10-14:\\\\\\
10-167 ‘\\\\g\\ p0=1_2
0.5 0.7 0.9 1.1 13 15 17 192



Total spectrum of particles for the case of stochastic acceleratio
from a background plasma with a eoff acceleration
parameterO(n)) On—n n)
FromChernyshowet al. 2012 and Cheng et 2014

102 |
.4 R
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10°F T
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10"} 0
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Total spectrum of particles for the case of stochastic
acceleration from a background plasma with a-offt
acceleratiorparameterO(nn) On —n n)

2

10° o

10% | =05 | Plasma overheating
10° i\“\\\\\\ < No acceleration

ol N\ p, =08

f(p)

~10 B -

10 - ——;——————_*I
| p, =10 1
S | Plasma Cooling
10"} =12+ | Stochastic acceleratio
0.5 0‘.7 0‘.9 111 1‘.3 1‘.5 1‘.7 1192
p
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Parameters of the modelf stochastic acceleration

e Acceleration timek o p TTYrs, source power
WX v p Trergls, but(N* T U A

» Avery precise parameter of acceleratipgis
needed to reproduce the gammay spectrum

from the Bubble if electron are stochastically
accelerated from the background plasma.



ReAcceleration of Relativistic Electrons
emitted by SNRsdjffusion+convectioh

Reacceleration of SNR electrons in the wind model

(6(™Q O h) ZQ
ﬂT_r] Kgg Q —n QI mm) f v 0 NRGO)LJO

61 oXEG



Spectra of reaccelerated CRs withoug({t column) and with the
Galactic wind (the gradient parametér p 1 i hright column)
FromChengChernyshoyvDogiel andkqg 2015
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Convective outflow from Galactic Center in the Bubble:

 Model assumption about wind outflow from the GC with v ~ 10C
km/s (Crocker andharonian 2011;Carrettiet al. 2013);

 Hubble observations of UV absorption lines: v>900 km/s (Fox e
al., 2015)

Convection in the Galactic halo and the velocity gradient:
. Hydrodynamlcs with CRBreitschwerdf McKenzie, Voelk,1991):
| O ED & TC

. Convectlon and the velocity gradient from the CR chemical
composition Bloemen Dogiel, DormanRtuskin 1993):
VXPT | ;

« Convection and the velocity gradient in the halo from the outflow
velocity in the Galactic disBKeitschwerdf Dogiel Voelk 2002)
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Hadronic Mode(Crocker &Aharonian 201kpresent)

Lifetime of protons generating 100 GeV gamrag photons
~p Tt yr, that of electrons p Tyr,;

Protons distribution in the bubbles is uniforigdowever, the
protonicscenario requiresome_sort of magnetic structure
draagneticwalls 0 G &t Q2 y T A Yy Sroiorié ®rlongdzo 0 f

times);

Flattening of the gammeay spectrum alD <1 GeV (the pp
reaction threshold);

Sources of CRsstar formation region in the inngy?  p’CG
region. Total power injected by SN there is estimated @St
erg/s, that gives p 1m in CRs and about p minlto 100
GeV gamma

Electrons are secondary which are transported to the halo form
the disk. There synchrotron luminosity in the-@0 GHz derived
from gamma i p 1T erg/s.

If the characteristic time of transport by advectlon IS < the time of
synchrotron losses (z&pc) thenlz © ° , otherwisean
additionalelectron component is necessary



Problem of the hadronic model is a relatively
hard microwave spectrum v~ 0> ==

spectrum of radiating electrons E 2
spectrum of secondary electrons E 3

" O

N C:
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Additional component of primary electrons is necessary

The pure hadronic modéd unable to reproduce thgammaray andradio fluxes
from the FBs because ttsecondary electronkave toasoft spectrum® ‘O
An additional component of primary electrons withhard spectrun? O s

necessary

10°

H=510G, =-2.0, E, " 200 GeV

_;GQg:inge§5:
> T P

s S LJ1i,
- I TERLIEE S
5 e F T
a S
2 210 N\
—_ _Llé 1
3
© h\\\
NLIJ \\\\
N 10° A
10 * s ‘ ‘ ‘ : : : :
30 40 50 60 70 10° 10" 10°

(GHz) E (MeV)

The range magnetitield permitted for the hadronic model mithin the 27 >G

region
pp collisionscan only provide about 80% of tlid8 gammaay flux under the
most favorable conditionsshen H~5 >G which decreases for higher and lower

values of H. Thpp mechanism is unable to generate the Bubble gamma ray flux
if H>7 >Gor H<2 >G.



Conclusion

One of the main question is whether suggested processes of particle acceleration
are able to produce enough high energy protons/electrons needed to generate the
observed gamma/microwave fluxes from the Bubbles.

Shock wave model reproduce reasonably well parameters of the Bubble emission
but more detailed analysis of processes is needed.

For the case of hypothetical stochasaccelerationof electrons from background
plasma a shortage of the model is that parameters of acceleration is strongly
restricted. Either acceleration does not produce enough electrons or instead, the
acceleration overheats the background plasmarioathermaltails).

An advantage of stochastic-exceleration of electrons emitted by SNRs in the Disk i
that the injection energy of electrons is about 1 GelMnth the case of acceleration
from background plasma where the injection energy is about hundred eV). Howewv
in this case effective adiabatic losses are required in order to get necessary spectr.
characteristic of the emission.

The problem ohardonicmodel is a very steep spectrum of secondary electrons.
Therefore an additional component of primary electrowgh a hard spectrum is
needed. In this case the protons produce no more than 70% of the total gaiayma
flux, the rest is produced by hypothetical component of primary electrons. The
contribution of protons into the gammeay flux depends strongly on the magnetic
field strength which should be in the limigg7 >G.

Thank You!



