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« Fermi bubbles (FB) & haze: mini-introduction
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Fermi bubbles - some models

Radiation:
leptonic
Su+ 2010; ...
FB edge:
forward shock
Su+ 2010, ...
Engine:
starburst

Su+ 2010; Crocker 2012;
Lacki 2014; Sarkar+ 2015

CR Injection:
1t order Fermi

Su+ 2010, ...

hadronic

Su+ 2010; Aharonian & Crocker (2011); ...

termination shock

Su+ 2010; Lacki 2014; Mou+
2014; Mou+ 2015

AGN jet

Su+ 2010; Guo & Mathews
2012; Yang+ 2012; Guo+
2012; Mou+ 2014

2"d order Fermi

Mertsch & Sarkar 2011;
Chernyshov+ 2014;
Cheng+ 2015

contact discont.
Sarkar+ 2015: Guo &
Mathews 2012; Guo+ 2012

others
Su+ 2010 (buoyant bubble)

others

injection at GC (Guo & Mathews
2012; Guo+ 2012; Yang+ 2014);
Galactic CR losses (Thoudam
2013);
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» Spectrum: STArlight-Basked LEptons



Fermi bubble y-ray spectrum - leptonic model

See for example: Su et al. 2010 & Ackermann et al. 2014

Inverse Compton of the radiation field above the Galactic plane
(CMB, IR and SL) via CREs gives an excellent fit to the observed spectrum

(CRE = cosmic-ray electron)

ICS, b =30.5deg (z =5 kpc)

£ T Form buttles Overall ISRF of
1.5 eV/cm3

Magnetic field of
5-20 uG

Usre (> GeV)
~ 10°2erg

Ackermann et al. 2014

For example, CREs at this energy would cool via IC and synchrotron over ~10° years. If the
bubbles were this young, they would be relativistic, requiring an incredibly energetic source.

Gurwich & Keshet 2015, in prep.



Fermi bubble y-ray spectrum - hadronic model

See for example: Crocker & Aharonian 2011

Assuming & decay as the only source — gives a good fit to the flat % ~E 2 region,
Seemingly fails to reproduce both the low-energy and high-energy parts of the spectrum

To fit the spectrum below 1 GeV, one must
include the secondary electron IC component

\, x

P CIEUWR RN  ( Soften the hadronic spectrum

¢+ ¢ Fermibubbles

Ackermann et al. 2014

| Uerp(> GeV) = 3.5 x 10550} erg To fit the spectral break above 50 GeV, an
Lerpsteady = 3 X 1038erg s71 arbitrary cutoff must be invoked (~4 TeV)
Ackermann et al. 2014

Gurwich & Keshet 2015, in prep.



Natural leptonic model

Various evidence: FB edges are a shock continuously injecting CRs.

3msc3

4-O'T(UB+UR)t

Cooling break energy E. = ~10 GeV for t~few Myr

CRE spectrum

electrons IC
scatter SL

— Standard Fermi

— Natural Model

photons

10810 Ee
~10-50GeV ~1TeV

0.0 0.5 10 15 2.0 25

logqo E,[GeV]

Gurwich & Keshet 2015, in prep.



Natural leptonic model

The model fits both y-rays and microwave haze:
Example (B = 2.5 nG, t= 3 Myr) Fermi Fit

0.0 0.5 1.0 1.5 20 25 -0. . 0.5 1.0 15 2.0

logyo E,[GeV] logqo E,[GeV]

Uniform FB emissivity: CRESs reach inner bubble before cooling

U E
i i 28 R CRE |
So diffusion D(E) = 3 x 10 <3€V/Cm3> <1OGeV> cmes

Gurwich & Keshet 2015, in prep.



Natural model: STArlight-Basked LEptons (STABLE)

Requirement: Starlight component must dominate the radiation field.

(Otherwise, CMB+IR soften below 1GeV and harden above KN.)

For nominal values of IR radiation, &

this means Uy > 3 eV/cm3.

05 00 05 10 15 20 — ~ 9
logs E, [GeV] 0.96

_Robitaille et al. 2012
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Wavelength (pm) Porter et al, 2017 Wavelength (pm) GurWICh & KeShEt 2015’ In prep.
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» FB edges: identification and spectrum
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Fermi collaboration 2014

In particular in the South
(less interfering structure)

Su et al. 2010



Fermi1 < E <5 GeV
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Fermi 2 < EY <5 GeV WMAP K-band, FWHM=2°
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Overlapping edges in -
y-rays & microwave
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Fermi 2 < EY <5 GeV

WMAP K-band, FWHM=2°

Dobler 2011

10 20 30

0.5
35+ —">°

contact diéco'ntinuity?
S

15 0 -18 -30

—-—-—-— 23-33 (3Hz stacked |
flat pr)flle
JRETECIEE 23 Gz, | =180°

{ Dobler 2012

10 20 30 (
Radial bins [deqg]

-15

30 15 0 -156 =30

Intensity /keV cm® s™ sr'] 1.75
V /[
Tantenna [mK] 0.013
\ T b_ T ]
Ay TTT 33 Griz mcrowaves |b| ~ 30° |b| = 52°

/ \

C.D. + forward shock

er + C.D.

? + termination shock



Gradient filter

(Gaussian filter of scale ¥ + standardized Bessel derivative kernel)

LAT Pass-8 ) = 8° ) = 6° ) = 40 W = 20

Keshet & Gurwich 2016
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Keshet & Gurwich 201610g,,E[GeV]
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edge(E) = (E)

CRs: N < EP




Edge spectra
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T

Tilted spectra

ns = 0.16 + 0.02

ne = 0.12 4 0.02
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1. Diffusion strong and measured in situ

Averaging along the FB edge:

6 =21 =0.48 £ 0.02 (95% CL) (Kraichnan diffusion?)
Same tilt both above and below the cooling break:

D ~ 3 x 10%°(E/10 GeV)?-48£0:02 2 g1

2. Shock must be strong

Along the FB edge An = +£0.05 ==  Ap = +0.10

M? +1 l

P=2yz_1
Assuming = M >5

AM>025
M :

Keshet & Gurwich 2016
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* FBs in X-rays: underlying flow



ROSAT band 6
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in the EM is not clearly seen in the south bubble data.




XMM
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a = 0.40-0.75 keV
b =0.75-1.25 keV
c=2.0-7.2 keV (1,0)=(14:30,8:30)
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Halo: n, =~ 10_3( ) cm™3; T, = 0.15keV.
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Keshet & Gurwich 2017b
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Projected signatu
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ROSAT profiles
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ROSAT implications

n,(10 kpc) = 4 x 10~*cm™3

~1/2
M(10 kpc) = 5T, o/ teey X (Ti/To)Y?
E ~ 10°%erg x T; /T,

t~ 6.6 Myr x (T;/T,) " /?



ROSAT implications
UV@ HST Residual intensity, £ = 3 — 10 GeV

1%Csi u1 1206 ?
Lo vl e o o0l . |

Fox et al. 2015

1

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

235 kmst —"|

Normalized Flux

0] 2 4 6 8 10
\4
10"Eg x F (n—ﬁessr)

outflow velocity = 900 km s™" — t~2.5-4.0 Myr

Di Teodoro+2017 - HI flow w/ similar velocities
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t~ 6.6 Myr x (T;/T,) " /?
Keshet & Gurwich 2017b
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ROSAT implications
UV@ HST Residual intensity, £ =3 — 10 GeV g o

1%Csi u1 1206 ?
Lo vl e o o0l . |

Fox et al. 2015 :
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Summary and Discussion
There 1s a natural single-zone model with no ad-hoc spectral features:

* (2-4)Myr bubbles with B ~ (2 — 3)uG
« FBs gauge the ISRF: starlight 2-3 times stronger than thought

 FB event clears the dust extinction?

Edge spectra: no template needed
 Strong, Kraichnan(?) diffusion measured

« Strong, Mach=5 forward shock

X-ray high-latitude signal identified
 Supersonic shell: FB edges are Mach~10 forward shocks

« Upstream density should decline roughly as n o =2

The FBs are proving to be an excellent laboratory for CR physics.
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