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Observational Constraints

(see talks by Slatyer, Inoue and others)



Gamma-ray bubbles by Fermi (Su+ 2010) 

Hard spectrum

Flat intensity 
& sharp edges



Gamma-ray bubbles by Fermi – 50+ months
(Ackermann+ 2014, see also Hooper & Slatyer 2013, Yang+ 2014, 

Narayanan & Slatyer 2016, Keshet & Gurwich 2016, 2017) 
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6. M or phology and spect r al var iat ions

The average spectrum of the bubbles is an important characterist ic, but it may be insufficient

for dist inguishing among the models of the bubbles’ format ion and the mechanisms of the gamma-ray

emission. In this sect ion, we calculate the spect rum of the bubbles in lat itude st rips, and est imate

the significance and the spect rum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “ cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the locat ion and the width of the boundary of the bubbles.

6.1. Longi t ude Profi les
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Sect ion 3.2 (top) and for the example model derived with the local templates analysis in Sect ion 4.3

(bot tom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent lat itudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subt ract ion at low energies in the GALPROP residuals in the low lat itude part of the

northern bubble. This residual is spat ially correlated with the star forming region ⇢Ophiuchi, which

might have a di↵erent CR spect rum compared to the average. Not ice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalizat ion

of the CR density in local patches. The profile plots in 10◦ lat itude st rips are shown in Figure 23.

An excess of emission in the southern bubble for lat itudes − 40◦ < b < − 20◦ and longitudes 0◦ <

` < 15◦ corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20◦ < b < 40◦ around ` = 10◦ . At some lat itudes, the width of the boundary of the bubbles

is approximately or smaller than 5◦ . We study the width of the edge in more detail in Sect ion 6.3.
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Fig. 32.— SED for the northern and southern bubbles. The points with stat ist ical error bars correspond to the

baseline SED. The bands represent an envelope of the SEDs for di↵erent derivat ions of the Galact ic foreground

emission and the definit ions of the template of the bubbles. The uncertainty of the e↵ect ive area is added in

quadrature to the other systemat ic uncertaint ies.
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Fig. 33.— SED of the Fermi bubbles in lat itude st rips. Left : northern bubble. Right : southern bubble. For

descript ion of the points and bands, see capt ion of Figure 32.

 Edge width ~ 3.4 deg
 Substructures: SE cocoon confirmed, no 2nd jet
 Spatially uniform hard spectrum
 High-E cutoff at ~110 GeV

Gamma-ray spectrum with latitudes



Microwave haze by WMAP & Planck
(Finkbeiner 2004, Dobler+ 2008; Planck Collaboration 2012)

Spatially coincident with 
the gamma-ray bubbles & 
hard spectrum



Polarized lobes at 2.3 GHz by S-PASS (Carretti+ 2013)

Softer spectrum toward high 
latitudes

Highly polarized lobes 
extending to |b|~60 deg



X-ray map by ROSAT (Snowden+ 1997, see talk by Shchekinov)

Arc features correlated 
with bubble edges

X-ray cavities suggest 
underdense bubbles



X-ray map by ROSAT (Snowden+ 1997, see talk by Shchekinov)

NPS

SPS?

(408MHz)
Loop I



v ~ 200 - 300 km/s:

 X-ray temperature (Kataoka+ 2013)

 Line broadening along 3C 273 
(Fang+ 2014)

 OVIII/OVII ratio (Sarkar+ 2016)

Kinematics of halo gas by X-ray and UV studies

v >~ 500 - 1300 km/s:

 UV line shifts (Fox+ 2015, 
Bordoloi+ 2017) 

 OVIII/OVII ratio (Miller & Bregman
2016)

Miller & Bregman 2016

Things to caution:

 Structure of Galactic halo is complex 
(Kataoka+ 2015)

 Confusion/misinterpretation due to 
foreground/background projections

 Assumptions about outflow geometry and 
injection patterns

 Short timescale for e-p equilibration

 X-ray and UV probe different phases of the 
halo gas  



A schematic view

Polarized lobe



Blind men’s perceptions of an elephant

Any theoretical model has to be tested against ALL observed data!!! 



Origin?



What is the origin of the bubbles?

 What are the emission mechanisms?

 Leptonic (CRe)

 Hadronic (CRp)

 What activity at the GC triggers the event? 

 Nuclear star formation (NSF) 

 Active galactic nucleus (AGN)

 Where are the CRs produced?

 Transported from GC (jets or winds)

 In-situ acceleration (shocks or turbulence) 
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I. Hadronic winds

Theoretical Models
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II. Leptonic jets

Theoretical Models
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III. In-situ acceleration 

?

Theoretical Models



 Wind speed ~ hundreds to 103 km/s

 Collimation by CMZ

 Event: NSF (Crocker+) or AGN winds (Mou+)

I. Hadronic wind models 
(Crocker+ 2011, 2013, 2015, Thoudam+ 2013, Mou+ 2014, 2015, Cheng+ 2015) 

Eddington ratio ~ 1%
Transient, t ~ 10 Myr (Mou+ 2015)

Mass injection rate ~ 0.1 Msun/yr
Steady state, t > few x 100 Myr (Crocker+)

Gamma-ray intensity

Gamma-ray spectrum

p p p

p p p



 Secondary leptons fail to reproduce microwave haze

 Require another population of primary CRe

I. Hadronic wind models 
(Crocker+ 2011, 2013, 2015, Thoudam+ 2013, Mou+ 2014, 2015, Cheng+ 2015) 

Ackermann+ 2014

Gamma-ray and microwave spectrum Renormalized microwave spectrum

p p p

p p p



I. Hadronic wind models 
(Crocker+ 2011, 2013, 2015, Thoudam+ 2013, Mou+ 2014, 2015, Cheng+ 2015) 

Crocker+ 2015

 Giant reverse shocks supply primary CRe
 Haze by high-E CRe at low-b
 Polarized lobes by low-E CRe at high-b

Projections?

p p p

p p p



I. Purely hadronic wind models 
(Crocker+ 2011, 2013, Thoudam+ 2013, Mou+ 2014, 2015, Cheng+ 2015) 

Hard spectrum is naturally preserved

Microwave haze is nontrivial to reproduce

p p p

p p p

 Effects of LOS projections

High-E cutoff not typically expected 

Gamma-ray bubbles, microwave haze, and 
polarized lobes explained

Hybrid wind model (Crocker+ 2015)



 AGN jets of speed ~thousands to 104 km/s

 Bubble ages <~few Myr

 Bubble and haze produced by same CRe

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

3D MHD (KY+ 2013)

2D hydro (Guo+ 2012)

FORMATION OF THE FERMI BUBBLES IN A VISCOUS HALO 5

Fig. 2.— Cent ral slices (16 × 15 kpc) of CR energy density in logarithmic scale in runs V0, V0d5, V1, V3, V10, and V30 at t = tFer m i ,
which is shown at the top of each panel for t he corresponding run. Horizontal and vert ical axes refer to R and z respect ively, labeled
in kpc. T he stabilizing effect of viscosity on bubble edges can be clearly seen here as viscosity increases from panel to panel, and the
K elvin-Helmholt z and Rayleigh-Taylor instabil it ies are ful ly suppressed when µv i sc 3 g cm− 1 s− 1 .

In a weakly collisional/ collisionless plasma such as the
bubble interior, pressure anisot ropy p = p⊥ arises from
conservat ion of the magnet ic moment for each part icle
µ = mv2

⊥ / 2B = const , which implies that any change in
thefield is accompanied by a change in the perpendicular
pressure to keep p⊥ / B ∼const . This then triggers micro-
instabilit ies (such as the firehose, mirror, ion cyclot ron
instabilit ies) which feed off the pressure anisot ropy and
pin it at marginal stability values (Rosin et al. 2011).
The micro-instabilit ies change the pressure anisot ropy
either via an enhanced rate of collisions through an ef-
fect ive part icle scat tering mechanism, a source of effec-
t ive viscosity (Sharma et al. 2006), or modificat ion of
the rate of st rain of the magnet ic field so as to cancel
the pressure anisot ropy created by the changing fields
(Rosin et al. 2011; Schekochihin et al. 2010); the lat ter
gives rise to a viscosity in a turbulent medium that scales
as the parallel Braginskii value (and by dissipat ing tur-
bulent mot ions, could providesignificant viscous heat ing;
Kunz et al. 2011). Viscosity in collisionless plasma may
also be caused by part icle scat tering with magnet ic ir-
regularit ies and Alfven waves, which has been invoked
to explain the origin of CR diffusion – a well-known
transport process in collisionless plasma. Assuming that
µv isc ∼ ρv̄λ , the effect ive mean free path of proton scat-

tering for our assumed level of viscosity is:

λ ∼ 1 kpc
µv isc

3 g cm− 1 s− 1

v̄

108 cm s− 1

− 1

×
ρ

10− 29 g cm− 3

− 1

, (7)

where v̄ is the kinet ic velocity of protons and ρ is the
plasma density.

Thus, while the nature of viscosity in this context is
highly uncertain, assuming an isot ropic, uniform vis-
cosity is not unreasonable. The next step would obvi-
ously be to perform MHD simulat ions similar to those of
(Sharma et al. 2006) for accret ion disks. It would be ex-
cit ing to placeempirical constraintson viscosity based on
comparisons of our calculat ions with the observed Fermi
bubbles.

In the Appendix, we explicit ly present our numerical
method to implement the fully compressible shear vis-
cosity into our 2D code. The viscous runs are fairly
expensive, because the t ime-step imposed by viscosity
scales with ρ(∆ x)2 / µvisc, where ∆ x is the resolut ion of
the computat ional grid. In part icular, the viscous t ime-
step becomes extremely small at some small regions in
the bubble interior, where the thermal gasdensity is very
low due to the low init ial jet density, the bubble ex-
pansion and viscous heat ing. To allow the simulat ions
to proceed, we thus turn off viscosity in computat ional
cells where the thermal gas density drops below 10− 30

g cm− 3. This rest rict ion only affects some small regions

CR energy density Projected CR energy density

Gamma-ray spectrum

Microwave spectrum

e e e

e e e



Simulated polarization fraction

 Morphology
 Smooth surface
 Flat intensity
 Sharp edges

 Shock location 
coincident with 
NPS

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e Consistent with gamma-ray, X-ray, and polarization properties 

Projected X-ray emissivity at 1.5 keV

KY+ 2012KY+ 2013 KY+ 2013

 High polarization 
fractions



 Amplitude (flat intensity)?

 Overall shape is uniform?

 High energy cutoff ~ 110 GeV?
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Fig. 32.— SED for the northern and southern bubbles. The points with stat ist ical error bars correspond to the

baseline SED. The bands represent an envelope of the SEDs for di↵erent derivat ions of the Galact ic foreground

emission and the definit ions of the template of the bubbles. The uncertainty of the e↵ect ive area is added in

quadrature to the other systemat ic uncertaint ies.
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Fig. 33.— SED of the Fermi bubbles in lat itude st rips. Left : northern bubble. Right : southern bubble. For

descript ion of the points and bands, see capt ion of Figure 32.

Ackermann et al. (2014) 

Gamma-ray spectrum of the south bubble

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e eWhy is the gamma-ray spectrum so spatially uniform?
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II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e Spatially uniform spectra  reproduced (KY & Ruszkowski 2017)

Simulated gamma-ray spectra



II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e Spatially uniform spectra  reproduced (KY & Ruszkowski 2017)

Simulated gamma-ray spectra

Projected CR energy densitySlice of CR energy density

KY+ 2013KY+ 2012

 Amplitudes (flat intensity):
3D edge-brightened CR distribution 
from jet compression



 Overall shape: 

Slight gradient of Emax compensates 
for gradient in Eph

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e Spatially uniform spectra  reproduced (KY & Ruszkowski 2017)

Simulated gamma-ray spectra

Maximum energy of the CR spectrum

KY & Ruszkowski 2017

Recall:



 High-energy cutoff:

fast cooling near GC and fast 
advection by jets

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e Spatially uniform spectra  reproduced (KY & Ruszkowski 2017)

Simulated gamma-ray spectra

Maximum energy of the CR spectrum

KY & Ruszkowski 2017



 Satisfy age constraint

 Simultaneously explain the microwave haze

 3D spatial and spectral CR distribution consistent 
with spatially uniform gamma-ray spectrum

 Require Eddington ratio ~ 10%

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

e e e

e e e



Pros:

Naturally satisfy age constraint

Broadly consistent with gamma-ray, microwave, and 
polarization properties

Cons:

 Potentially in tension with X-ray/kinematic observations

 Require Eddington ratio ~ 10%

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

Bland-Hawthorn+ 2013

H
α

 s
u

rf
ac

e 
b

ri
gh

tn
es

s
Enhanced Hα in MS requires 
Eddington ratio ~ 3-30% and t~1-3Myr

e e e

e e e



 CRe by shocks or turbulence near 
bubble edges

 Event: AGN/NSF/TDE/un-specified

 Flat intensity nontrivial to reproduce

III. In-situ acceleration models 
(Mertsch+ 2011, Cheng+ 2011, 2015, Zubovas+ 2012, Lacki 2013, 
Fujita+ 2013, 2014, Sasaki+ 2015, Sarkar+ 2015) 

Leptonic gamma intensity (Sasaki+ 2015)

e
e

e e
e

e

e
e

e e
e

e

With CRp (Fujita+ 2014)

Fits the flat intensity but not the microwave haze



III. In-situ acceleration models 
(Mertsch+ 2011, Cheng+ 2011, 2015, Zubovas+ 2012, Lacki 2013, 
Fujita+ 2013, 2014, Sasaki+ 2015, Sarkar+ 2015) 

With efficiently escaped CRe (Sasaki+ 2015)

e
e

e e
e

e

e
e

e e
e

e

Spatially dependent ISRF and LOS projections?



 Free from age constraint

 Sharp edges naturally explained

 Require more complex models to reproduce flat 
intensity and microwave haze

 Bubble geometry, spatial variation of ISRF, and 
LOS projections need to be examined

III. In-situ acceleration models 
(Mertsch+ 2011, Cheng+ 2011, 2015, Zubovas+ 2012, Lacki 2013, 
Fujita+ 2013, 2014, Sasaki+ 2015, Sarkar+ 2015) 

e
e

e e
e

e

e
e

e e
e

e



 Free from age constraint

 Sharp edges naturally explained

 Require more complex models to reproduce flat 
intensity and microwave haze

 Bubble geometry, spatial variation of ISRF, and 
LOS projections need to be examined

III. In-situ acceleration models 
(Mertsch+ 2011, Cheng+ 2011, 2015, Zubovas+ 2012, Lacki 2013, 
Fujita+ 2013, 2014, Sasaki+ 2015, Sarkar+ 2015) 

e
e

e e
e

e

e
e

e e
e

e

The Fermi Bubbles from Stochastic Acceleration by Turbulence in a Galactic Outflow Philipp Mertsch
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Figure8: Same as Fig. 7, but for model 2 (homogeneous bubble, anisotropic diffusion).
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Figure9: Left: Angular profilesacrossthebubbleedgefor gamma-raysbetween 10 and 500GeV, compared

with a subset of the data from Fig. 3. Right: Gamma-ray spectra for the different directions indicated in the

legend and marked by the crosses in the lower panel of Fig. 8. The data are from Fig. 2.

4.3 Model 3

In this third model, weallow diffusion to bemildly anisotropic insideashell around thebubble

edge and strongly anisotropic both in the rest of the bubble volume and in the Galactic halo. This

can be justified if turbulence waspredominently generated at theshock by various instabilities and

would decay as it travels into the bubble interior with the downstream bulk flow. We again refer

the interested reader to Ref. [22] for details.

In Figs. 10 and 11, weshow the modelled electron distribution, gamma-ray sky map, gamma-

ray angular profiles and gamma-ray spectra in a similar way as before. It can bee seen that the

12

With realistic geometry (Mertsch+ in prep.)



Consistent

Somewhat 

consistent

Potentially 

concerning

Inconsistent

1. No model is perfect
2. Some are ruled out
3. Blanks remain to be filled

Xray & UV lines3D projections



Future



Observers
Theorists



Suzaku X-ray Observations of the Fermi Bubbles’ Edges 13

FIG. 8.— SED of the Fermi Bubbles fitted with the one-zone leptonic model (blue curve). We assumed the magnetic field intensity B = 12µG within the

bubbles, and the emission volume V = 2× 4
3
πR3 with radius R = 1.2× 1022 cm. Full details are given in Section 4.3. The GeV data points correspond to the

emission of the entire bubbles’ structure, following Su et al. (2010). The radio data points corresponds to the WMAP haze emission averaged over b = − 20◦ to
− 30◦ , for |l | < 10◦ . The bow-tie centered on the 23 GHz K -band indicates the range of synchrotron spectral indices allowed for the WMAP haze, following
Dobler & Finkbeiner (2008). Red dashed line denotes the observed CXB level, and the solid line indicates the Suzaku upper limit for the bubbles’ non-thermal

X-ray emission, < 9.3 × 10− 9 erg cm− 2 s− 1 sr− 1 in the 2− 10 keV energy range, corresponding to ∼15 % of the CXB level.

these estimates are rough, and are based on clearly over-
simplified modeling, they indicate robustly that under all the
model assumptions specified above, the non-thermal plasma
filling the Fermi Bubbles and the thermal plasma of the
bubbles’ immediate surroundings are in pressure and energy
equipartition. This finding is in accord with the idea that the
NPS feature is composed of the GH gas heated by a shock
wave driven by the expanding bubbles. Indeed, in such a situ-
ation, pressure equilibrium between shock downstream fluids
is expected.

In the framework of the above interpretation, the Mach
number of a shock following from the observed tempera-
ture ratio kT+ / kT− 0.3keV/ 0.2keV is M 1.5, as-
suming the adiabatic parameter of the GH gas γ̂ = 5/ 3.
This further implies the upstream (unperturbed GH gas) pres-
sure p− 0.8 × 10− 12 dyn cm− 2, and the shock velocity
vsh M × cs− 320km s− 1 for the upstream sound speed
cs− 200km s− 1. As discussed below, the estimated value
of vsh is in agreement with the expected expansion velocity of
the Fermi Bubbles.

4.4. On the Formation of the Fermi Bubbles

Let us comment here on the formation of the Fermi Bub-
bles in the context of the presented Suzaku observations. Note
again that the discussion below is our speculation based on an
assumption that both the Fermi Bubbles and NPS are con-
nected with the GC past activity. Therefore as we have shown
above, the local bubble scenario for the NPS can also work
in some sense and still leaves a lot of room to be clarified
in future works. Nevertheless, there are a number of obser-
vations discussed in the literature taken as evidence that the

GC has undergone multiple past epochs of enhanced activ-
ity on different timescales, due either to AGN-like outbursts
or episodes of circumnuclear starbursts. The strongest case
among these is the Fe Kα echo from molecular clouds situated
a few hundreds parsec apart around Sgr A (Koyama et al.
1996; Murakami et al. 2000, 2001). Recently, a diffuse clump
in an over-ionized state with a jet-like structure has also been
found in the Suzaku data for the GC south, ∼200 pc from
Sgr A , suggesting a plasma ejection from Sgr A which hap-
pened about a million years ago (Nakashima et al. 2013, in
prep). Outflows of this kind are expected to lead to the for-
mation of bubbles/lobes expanding within the Galactic halo,
just like the GC scenario of NPS as well as the Fermi Bub-
bles, sweeping up the interstellar/halo gas in analogy with the
extended lobes seen in distant radio galaxies (Sofue 2000).
Totani (2006) has shown that the Fe Kα echo, NPS, and the
observed 511 keV line emission toward the GC can be ex-
plained naturally in a standard framework of a radiatively
inefficient accretion flow (RIAF) in the GC black hole, if
the typical accretion rate was about 1,000 times higher than
the current rate in the past 10 Myr. The outflow energy ex-
pected by such an accretion rate is expected to be 1056 erg (or
3× 1041 erg s− 1).

The GH is thought to be rather isothermal, characterized
by a temperature, kT 0.2keV, with only some density
gradients towards the GC (Yoshino et al. 2009; Henley et al.
2010; Henley & Shelton 2013). During the evolution of the
outflow, the evacuated halo gas can be heated, if the bub-
bles’ expansion is supersonic, due to formation of a shock
wave at the edges of the structure. In the previous section
we estimated the Mach number of a shock needed to heat the

*The non-thermal plasma here only accounts for radiating particles

*Isothermality of the GH seems to be a strong assumption

Multi-messenger observations

 Microwave: Planck 
 X-ray: eRosita, MAXI
 MeV: PANGU, CT, ASTROGAM, PolSTAR
 GeV: Fermi, DAMPE
 TeV-PeV: CTA, HAWC, LHAASO, HiSCORE
 Neutrino: ICECUBE, ANTARES

Ahlers+ 2014
Kataoka+ 2013

Microwave Xray
MeV

GeV GeV
TeV-PeV

Neutrino

Leptonic or Hadronic?



No. ] 3

Table 1. Model Parameters for Metal-Enriched Outflows

Origin Star formation AGN wind AGN wind

Emission Leptonic Hadronic Leptonic Hadronic

Reference Lacki (2014) Crocker et al. (2014) Mou et al. (2014) Zubovas et al. (2011)

SFR [M / yr] 0.1 0.1 - -

IMF model Salpeter (1955) Kroupa (2001) - -

IMF ranges 0.1-100 M 0.08-150 M - -

Ṁ out [M / yr] 0.02 0.1 0.02 0.08a

β 2.0 6.3 -b -b

ZFB / Z 5.3c 2.2c 1.0c 0.45d

X Fe,FB / X Fe, 2.3c 1.3c 1.0c 0.45d

[O/Fe] 0.49c 0.30c 0.0c 0.0d

[Ne/Fe] 0.58c 0.38c 0.0c 0.0d

a: This is required only for ∼ 5× 104 yr at ∼ 6 Myr ago (Zubovas et al., 2011).
b : β does not affect results assuming X i ,ej ect a = X i , ISM (see the details in the text).
c: Expected values behind the contact discontinuity, Rcd . At larger radii, it will be the value of the GH gas.
d : Expected values in the bubbles elsewhere.

rials as follows (Nomoto et al., 2006; Tominaga et al., 2007)2:

X i ,ej ect a =

M m ax

M m i n
X i ,SN (M ej ,SN [M ])M ej ,SN (M )φ(M )dM

M m ax

M m i n
(M ej ,SN [M ] + M ej ,SW [M ])φ(M )dM

,(4)

where X i ,ej ect a is an integrated mass fraction of an element

i , X i ,SN is mass fraction of i linearly interpolated between

nearest models of Nomoto et al. (2006) as a function of an

ejected mass, M ej ,SN is an ejected mass by a SN, M ej ,SW is

an ejected mass by SWs, and M is the mass of a main se-

quence star. M min and M max is the minimum and maximum

mass of stars, respectively. Following Nomoto et al. (2006),

We assume M ≤ 10M and M ≥ 50M stars do not yield any

materials, i.e. M ej ,SN (M ≤ 10M ) = M ej ,SN (≥ 50M ) = 0.

We assumed the fraction of HNe to whole SNe HN = 0 for

M < 20M and HN = 0.5 for M ≥ 20M (Kobayashi et al.,

2006; Nomoto et al., 2006).

Following Eq. 4, X Fe,ej ect a for the Salpeter IMF with the

mass range of 0.1–100 M is 4.0 X Fe, . In the nearby star-

burst galaxy M 82, its outflow has X Fe,ej ect a ∼ 5X Fe, (see

e.g. Strickland & Heckman, 2009), although the assumed IMF

and yields are different.

In the case of past AGN-like activities of Sgr A*, the sit-

uation is different. The ejecta abundances reflect the accre-

tion disk abundances which are the same as the ISM abun-

dances. Thus, we set X i ,ej ect a = X i ,ISM = X i , in the AGN

disk wind scenarios. Eq. 1 leads that the yields of the outflow is

X i ,out = X i , . The mass loading factor does not affect results

in the AGN disk wind scenarios.

In this letter, we consider the leptonic star formation (SF)

scenario (e.g. Lacki, 2014), the hadronic SF scenario (e.g.

Crocker & Aharonian, 2011), the leptonic AGN wind (AW)

scenario (e.g. Mou et al., 2014), and the hadronic AW scenario

(e.g. Zubovas et al., 2011). The model parameters are summa-

rized in Table. 1. As described below, we adopt the continuous

injection case for the first three scenarios, while we adopt the

2 In Nomoto et al. (2006), the IMF-integrated yields are normalized by the to-

tal amount of gases forming stars. Since we are interested in the abundance

in the ejecta now, we adopt the Eq. 4 in this Letter.

instantaneous injection case for the hadronic AW scenario.

For the leptonic SF scenario, we adopt the fiducial model

parameters in Lacki (2014). They take the Salpeter initial

mass function (Salpeter, 1955) ranging 0.1–100 M with the

continuous SFR of 0.1 M yr− 1. The mass outflow rate is

0.02 M yr− 1 with β of 2.0.

For the hadronic SF scenario, we adopt Crocker et al. (2014)

where they adopt the Kroupa initial mass function (Kroupa,

2001) ranging 0.08–150 M with the continuous SFR of

0.1 M yr− 1 (Crocker, 2012). The mass outflow rate is set to

be 0.1 M yr− 1. The mass-loading factor is estimated as fol-

lows. Given the SFR and IMF, the SN+SW ejected mass out-

flow rate is 0.016M yr− 1. Then, β = Ṁ wind / Ṁ ej ect a 6.3
assuming all the ejecta materials are injected into the bubbles

(Crocker, 2012).

For the leptonic AW model, we adopt the run A of Mou et al.

(2014). They assume a radiative inefficiency accretion flow, but

2× 103 times higher accretion rate than present value motivated

by Totani (2006) whose model can nicely explain various as-

pects of the GC observables by past Sgr A* activity (see Totani,

2006, for details). The accretion disk wind has the continuous

mass outflow for 12.3 Myr.

For the hadronic AW model, we adopt Zubovas et al. (2011)

which assume an Eddington accretion wind but blowing only

for twind ∼ 5× 104 yr at ∼ 6 Myr ago. The mass outflow

rate from the GC region is terminated in other epochs. Since

the mass injection occurs for short time scale comparing to the

age of the bubble, the hadronic AW model can be regarded

as the instantaneous injection. As described in Zubovas et al.

(2011), the mass outflow rate is ∼ 8× 10− 2M yr− 1 during the

Eddington phase.

3. Results

The expected metallicity, iron abundance, and abundance ra-

tios at a given radius are summarized in Table. 1. We note that

the observed values are integrated values on the line of sight as

a function of the Galactic longitude and latitude. The metallic-

ity in the bubbles will be 5.3 Z , 2.2 Z , and Z at r ≤ Rcd

Pointed observations

 UV/X-ray lines: HST, Suzaka, XARM

=> Temperature, kinematics, metallicity

NSF or AGN?
Inoue+ 2015

Image credit: NASA / ESA / A. Field, STScI



 The multi-messenger observations of the Fermi bubbles will continue to 
bring new insights into the bubble formation

 These data will put stringent constraints on theoretical models 

 The Fermi bubbles are excellent laboratories for understanding feedback 
activity in our Galaxy and other galaxies

Summary





Mechanisms for other features



Sharp edges of the gamma-ray bubbles (KY+ 2012)
p p p

p p p

e e e

e e e
With isotropic diffusion

Anisotropic CR diffusion

Magnetic draping

Dursi & Pfrommer (2008)

Suppressed diffusion



Ram pressure of AGN jets requires fast 
transverse winds, e.g., from SN 
explosion for 0.1 Myr from 0.5 pc away 
(KY+ 2012)

Slight tilt of the gamma-ray bubbles

tan𝛼 =
𝑃𝑟𝑎𝑚,⊥

𝑃𝑟𝑎𝑚,∥
≅ 0.2

𝛼~10°

Ram pressure of NSF winds requires 
only gentle transverse winds, e.g., from 
the movement of MW in the Local 
Group (Crocker+ 2015)



Active past of Sgr A* (Totani 2006)

Time

Intensity Time between SN
Explosions ~ 1e5 yrs

NOW~300yr~1e4yr

-- X-ray reflection nebula (e.g. Murakami+2001)

-- Ionized halo around SgrA* (Maeda+2002)

-- Galactic Center Lobe (Bland-Hawthorn+2003)

-- Expanding Molecular Ring (Kaifu+1972)

-- North Polar Spur (Sofue 2000)

~1e4 boost



Fermi Gamma-ray 
Space Telescope

Science: diffuse gamma-ray sky, 
AGN, SNR, GRB, DM… 



Discovery



Wilkinson 
Microwave 
Anisotropy 

Probe
(WMAP, 2001)

Cosmic 
Microwave 
Background 

(CMB)



The WMAP haze (Finkbeiner 2004)



The WMAP haze (Finkbeiner 2004)

This might be a signature 
of DM annihilation !!

D. Finkbeiner



Fermi haze (Dobler+ 2010)

BINGO!!

D. FinkbeinerG. Dobler



Wait… it has 
an edge!!!

Fermi haze (Dobler+ 2010)

D. FinkbeinerM. Su T. Slatyer



Fermi haze (Dobler+ 2010)

bubbles (Su+ 2010)

Wait… it has 
an edge!!!

D. FinkbeinerM. Su T. Slatyer



Energetics for the AGN jet model

 Pjet ~ 1e44 erg/s, Ejet~1e57 erg 

 Mdot = 2Pjet/(0.1c2) ~ 0.04 Msun/yr ~ 10% Mdot_edd

 Macc = Mdot*tjet ~ 1e4 Msun



Observed Fermi Bubble Energetics

 E2dN/dE = 3e-7 GeV cm-2 s-1 sr-1 from 1-100 GeV

 1.4e-6 GeV cm-2 s-1 sr-1 across energy

 Flux = 1.13e-6 GeV cm-2 s-1 (0.808 sr)

 Total gamma-ray power = 2.5e40 GeV s-1 = 4e37 erg s-1

(~5% total Galactic gamma-ray luminosity)



Fermi Bubble Workshop, SLAC                                       April 12, 2013                                             Karen Yang

Projected CR energy density

Projected X-ray emissivity

Slight bends of the Fermi bubbles

 Not: Ram pressure from IGM, jet 
precession, BH motion  

 Both jets tilted to the east by 10o  

for t < 3e4yr, possibly due to SN ram 
pressure

 Shock location matches outer X-ray 
arcs



X-ray pointed observations by Suzaku
(Kotaoka+ 2013, Tahara+ 2015, Kotaoka+ 2015)

Bubble edges:
 EM decreases within bubbles
 No T jump, T~0.3keV
 Infer Mach~1.5, v~300km/s

Kataoka+ 2013



X-ray pointed observations by Suzaku
(Kotaoka+ 2013, Tahara+ 2015, Kotaoka+ 2015)

T~0.3keV across the bubbles

Asymmetric EM w.r.t Galactic plane

Kataoka+ 2015



Kinematics using X-ray and UV absorption lines

Nonthermal broadening:

v~200-300km/s (Fang+2014)

Line shifts: v=-235 and +250 km/s 
Assuming biconical outflow: 
v>~900km/s (Fox+2015)

3C 273

PDS 456



Ridges: energetics from B, velocities from 
cooling time, and geometry from disk rotation 
consistent with NSF winds
Lobes: several starbursts or AGN activity 
(Caretti+ 2013)

Polarized lobes observed by S-PASS

p p p

p p p

e e e

e e e

Inside: linear B amplified by 
elongated eddies behind shocks 
Outside: magnetic draping 
(KY+ 2013)

Simulated polarization fractions


