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Fermi Bubbles

Fermi data reveal giant gamma-ray bubbles
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Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Su, Slatyer and Finkbeiner 2010 (Ap))




Fermi Bubbles

2 x 1037 erg/s [1-100 GeV]

hard spectrum, but spectral down-break below ~
GeV in SED, cut-off (?) ~100 GeV

uniform projected intensity
sharp edges
vast extension: ~/ kpc from plane

= few 10°° erg

coincident emission at other wavelengths
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WMAP Haze
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PLANCK images a giant eruption from the heart of the Milky Way

The Galactic haze/bubbles is shown
here in PLANCK data from 30-44 GHz

A multi-wavelength
composite image showing
both microwaves and
gamma-rays: PLANCK 30
GHz (red), 44 GHz (green),
and Fermi 2-5 GeV (blue).

Slide credit: D. Pietrobon & K.M. Gorski
Planck Collab.
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Giant Radio Lobes
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Fermi Bubbles: Iwo
Interlocking Questions

QI. What energizes the outflow?
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Fermi Bubbles: Iwo
Interlocking Questions

QI. What energizes the outflow?
SMBH at Sgr A*
OR

some other nuclear process

...nhuclear star-formation



Energetics

The (photon) Eddington luminosity of Sgr A* (4 x 10 Msun): 5 x 10% erg/s

Star formation in the Galactic Centre at a rate ~0.08 Msun/yr
(Crocker at al. 201 1) ...the Galactic Centre is not a Starburst

This injects mechanical power (supernova explosions, stellar winds) of
Pmech —~ 0.08 Msun/)’l” X I SN/(9O MSun) X IOSI erg/SN
=3 x 10% erg/s
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Energetics
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Star formation in the Galactic Centre at a rate ~0.08 Msun/yr
(Crocker at al. 201 1) ...the Galactic Centre is not a Starburst

This injects mechanical power (supernova explosions, stellar winds) of

Pmech —~ 0.08 Msun/)’l‘ X I SN/(9O MSun) X IOSI el”g/SN
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A few words about the Central Molecular Zone...
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N 2.7 GHz radio data (unsharp mask,
.~ Pohl, Reich & Schlickeiser 1992
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Ring collimates outflow - TESS TeV (Aha\ré_man it E:‘I 2006)

outflow ablates cold gas
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Fermi 5 year >1 GeV
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Where is the Galactic Centre?

Fermi 5

vear >1 GeV



FIR-RC

Yun et al. 2001 Apd 554, 803 fig 5
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Fermi Bubbles: Iwo
Interlocking Questions

Q2. What is the radiation mechanism?

‘leptonic’: Cosmic ray electrons/Inverse Compton emission
OR

‘hadronic’: Cosmic ray protons/gas collisions



Points for/against AGN/IC scenarios

PRO: single electron population can explain both the Bubbles’ gamma-ray emission (as 1C) and the
microwave haze (as synchrotron)

PRO: HX measurements suggest a hard UV “flash” may have irradiated the Magellanic Stream above the

nucleus |-3 Myr ago (Bland-Hawthorn et al. 201 3) [but the HX emission might also be explained by shocks:
Bland-Hawthorn et al. 2007}

CON: we are required to be seeing the Bubbles at a privileged time

CON: Lack of a bright/hot X-ray edge suggests that Bubbles are expanding, at most, at the sound speed 300
km/s (Tahara et al. 2015, Karaoke et al. 2015)

CON: Steep-spectrum polarized radio lobes coincident with Bubbles imply an electron population with age
>3 107 year

CON: Difficult to understand why gamma-ray spectrum does not evolve strongly (may even harden) with
latitude in an IC model



Points for/against SF/hadronic scenarios

® PRO:Bubbles’ gamma-ray luminosity requires a source of protons of power ~103? erg/s in

saturation. . .this is the approximate power supplied by nuclear SF to cosmic rays that escape the
GC

® CON: Secondary electrons can supply microwave synchrotron radiation but predict a too-steep
spectrum to explain the haze

® CON: Structures have to maintain coherence for very long timescales



The Fermi Bubbles
as Bubbles

Crocker, Bicknell, Taylor & Carretti 2015,Ap) 808, 107
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Expansion of a radiative bubble
into finite (const) pressure medium
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Expansion of a radiative bubble
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Giant Shocks in the
Fermi Bubbles

® General scenario: adiabatically-expanding
nuclear wind...

® Reverse shock where Pram = Ppis

® Have to incorporate gravity, halo pressure &
cooling
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Giant Shocks in the
Fermi Bubbles

® General scenario: adiabatically-expanding
nuclear wind...

® Reverse shock where Pram = Ppis

® Have to incorporate gravity, halo pressure &
cooling
height ~ 1 kpc

Mach num ~ 6-9

Crocker et al. 2015



Giant Shocks in the
Fermi Bubbles

rshk/Kpc [gravity]
rshk/Kpc [no gravity]

E1/2.shk/E1/2.0

Crocker et al. 2015
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Hadronic Gamma-Rays from Cooling Shell

® Shell dissipates incoming enthalpy flux radiatively

® Cosmic rays and magnetic fields adiabatically amplified in

cooling shell/filaments

® Cooling shell/filaments supported by non-thermal pressure

...these assumptions are
sufficient to predict the
hadronic gamma-ray luminosity:

LAE’P ~24 x 1037 erg s~!

/

FB
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-. FB
X Etherm

\
/ 0.1
)
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Crocker et al. 2015
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Synchrotron radiation |:
Microwave RHaze

Crocker, Bicknell, Taylor & Carretti 2015,Ap) 808, 107
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Synchrotron Luminosity

2.3 GHz luminosity
supplied with 20% of
CR power going to
electrons
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Explaining hard haze spectrum

Ambient
p 3 medium

’—- ...

=" il
e’ Shocked Teel
4 .
e g ambient DN
IR medium Sy
Pae p b s
PN ) 2
PN ) 2
.’ .
. "' Ss
o Shocked ~
R vt - Forwara
Y 4 )
' shock
Free Contact
o expansion o . L
9 = R
region discontinuity
. - .
L 4

.
.
.
.
.
.
.
.
.
.
.
.

-~
.
-~
.
.
-~
.
-~
.
-~
.
-~
.
-~ .
. .
-~ .
. .
-~ ’
. .
-~ .
. .
-~ .
. .
-~ .
. .
-~ .
. .
. ’
. .
. .
. .
-~ .
. .
-~ .
. ’
-~ .
A .
- .
A .
-~ .
A .
-~ ”
N .
-~ .
N ’
-~
. P
- .
N .
- .
N .
- .
.

~700 km/s shock

Nuclear
Star

Formation



range/kpc

10

. N
LI | III I 1 I

0.10

0.01.

Range of CR electrons
downstream of shock

100 GeV
— = 1 TeV

Crocker et al. 2015



Explaining hard haze

spectrum
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Synchrotron radiation I
Polarized, steep-spectrum
radio continuum

Crocker, Bicknell, Taylor & Carretti 2015,Ap) 808, 107



Giant Radio Lobes
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Polarized, steep-
spectrum emission

- lower-energy electrons that reach the magnetised shell synchrotron cool
In situ

* there is then a mixture of electron populations with different ‘ages’
resulting in « Ec3 overall electron spectrum (Karadashev)

» explanation for the Fy « V!, polarised radio emission



Conclusions

With few free parameters our nuclear SF-driven model addresses or explains:

» the size of the Bubbles

» the luminosity, spectrum and morphology of the Bubbles’ gamma-ray emission
» the luminosity, spectrum and extent of the microwave haze

- the luminosity, spectrum and extent of the microwave haze of the polarised radio
lobes

» the power dissipated in the Bubbles is a good match to the mechanical power injected
by nuclear SF

» the total energy content of the Bubbles is a good match to (nuclear SF power) x (few
|00 Myr expansion timescale)



Advertisement:

AU Symposium 322: The Multi-Messenger Astrophysics of the Galactic Centre

“The meeting aims to combine results, not just from astrophysics, but also
astroparticle physics for the first time.”

Palm Cove, Australia, July 18-22 2016

go to: galacticcentre.space
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Ad|ustable Parameters

+ ‘Atmospheric’ pressure ~ 3 x 10-'2 dyn/cm?
» solid angle each conical outflow QQ = 11

* shock mechanical power going into cosmic rays €cr ~ 0.15

» fraction of cosmic ray power going into electrons Le/Lcr ~ 0.
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Andromeda’
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