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Fermi Bubbles: Observations

Ackermann et al., Apd (2014) : Fermi-LAT data (100 MeV — 500 GeV).

et e — y-ray luminosity : ~ 4 x 10°" erg/s

' -~ Hard spectrum with a cutoff

(Index : 1.9 £ 0.2 ; Cutoff : 110 = 50 GeV)
/ - Sharp edges

— Approx. constant surface brightness.
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Evidence for an outfilow from the GC?

2.7 GHz radio data ~4x10%erg/s

GALACTIC CEMTER 2685 MHz
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Su, Slatyer & Finkbeiner (2010)

U ~100's-1000 km/s, P__~3x 10 erg/s

- SMBH ? Transient episode, ~ several Myr time-scale
- SFR in Central Molecular Zone : 5 - 10 % of MW's massive SF,

GO T T

' a -+ I{gg SFR density ~ 1000 x avg in MW disk = compatible with P_, too.
R ~ 100 Myr time-scale
Pohl, Reich, — Which velocity profile ?

Schlickeiser (1992) -~ CRs blown out of GC in this outflow: What happens to them ?
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Two different models (examples)

Mertsch & Sarkar, PRL (2011): Leptonic model : 2™ order Fermi of e’
through entire volume of the bubbles ; Outflow timescale : ~ Myr.
+ . Cutoff at a few 100 GeV (e energy-losses) ; - : U~ 1000 km/s

Crocker et al., ApJ (2015): slow nuclear outflow inflate bubbles into
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Polarized
2.3 GHz synch.
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Carretti 2013
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Outflow velocity profile ?
Keeney et al., ApJ (2006)

ABSTRACT

We detect high-velocity absorbng gas using Hubble Space Telescope and Far Ultraviolet Spectroscopic Explorer
medium-resolution spectroscopy along two high-labtude achve galactic nucleus (AGN ) sight lmes { Mrk 1383 and
PKS 2005 —489) above and below the Gﬂ]actlc center (GC). These absorptions are most straghtforwardly interpreted
as a wind emanat tr-nm the GC that does nof escape from the Galaxy's gravitabonal potential. Spectra of tour
COMPAnson ' entity and remove toreground velocity components from t sorphion-line profiles
of Ovi, N v, Ci, Cin, C v, 811, 101, and S11v. Two hngh-veloeity (HV ) absorption components are detected along

ecach AGN sight line, three redshifted and one blueshifted. Assumung that the four HV features trace a large-scale
Galactic wind emanatng from the GC, the blueshifted absorber 15 falhing toward the GC at a velocity of 250 =

20 km s, which can be explained by “Galactic fountain™ material that ongmated 1n a bound Galache wmnd. The
other three absorbers represent -I'.‘ILITHDMIIE matenal; the ﬁ{:ﬁt derrved outflow velocity is+250 + 20 km s, which
is only 45% of the velocity necessary for the absorber Lo escape from 11 current position in the Galacuc gravitational

potential. All four HV absorbers are found to reach the same maximum height above the Galactic plane (|zp | =
12 = 1 kpe), implymg that they were all ejected from the GC with the same mital velocity. The denved metallcity
limats of = 10%—20% solar are lower than expected for matenal recently gjected from the GC unless these absorbers
also contain significant amounts of hotter gas in unseen lonization stages.
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Constraints on outflow velocity profile
Keeney et al., ApJ (2006)

Absorption lines (from
partially ionised gas)

= Velocity of clumps N1,
N2 is ~50 km/s,

And velocity of S1, S2 is
~150 - 250 km/s.

Also, the bending at the
top of the "radio bubbles"
= < 50 km/s velocities
higher up...

= Qutflow decelerating
with height z
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Consistent with other
outfows such as in NGC
4631, NGC 253
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Diff.-advection in a Galactocentric breeze

Taylor & Giacinti, PRD (2017)
Diffusion — advection of pre-acc. CRs originating from the GC region :

JYCR d p WCR
=V.(DV -V _[_ V-V ]__
5 (DVycr —V Yer) + 9y L3 (V-V)wer m—— Ocr
CR density per unit of momentum p at r pp loss source term

with a CR mean free path : AIOGV — 3D10(3v/C =0.3 pc < B/C
and a CR luminosity (source term) of ~10*° ergs™ .

Outflow velocity profile : (decelerating at high z ; divergence free)

V-2 = vmaxe217%) x 2
— ¥max ' 1—|—Z/d

- Timescale of O(100 Myr) to fill a region beyond the bubbles.

— Broadly encapsulates the velocity profile of a “breeze” solution for the
iIsothermal outflow problem. The gas density plateaus within the decelerating
flow phase. = motivates ~ cst gas density in the bubbles ~ 3 x 10~° cc.

, With v =300kms™! and 4 = 1 kpc .
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Diff.-advection in a Galactocentric breeze

Taylor & Giacinti, 1607.08862
Diffusion — advection of pre-acc. CRs originating from the GC region :

JYCR d p WCR
=V-(DV -V —|——[— V-V ]——-|-
2P (DVycr —V yer) 9 L3 ( ) Wer = Jcr
CR density per unit of momentum p at r pp loss source term

with a CR mean free path : Aogyv =3D1gogv/c=0.3pc « B/C
and a CR luminosity (source term) of ~10*° ergs™ .

Outflow velocity profile : (decelerating at high z ; divergence free)

11_d 2 : 1
V.9 =v...e20-2) x , With v« =300kms™" and d = 1kpc .
max 1 | Z/d

Indeed, the Bondi radius is :

_ 2 A~ M 300 eV
d=2GM /v, ~ 2 (1010 M@) ( T ) kpc
SAa
mass within the bulge around 1 kpc isothermal T at the base of the wind

Giacinti & Taylor A Model of the Fermi Bubbles: Galactic CRs in a Breeze TeVPA, Aug 9 (2017)




Our results

Contour plots for log , | of the y-ray flux Edge of the 1 — 2 GeV bubble from our model
e - <o gh [ Sl Fermi data =—— -

d 7 25108 | t=3*1DBg,rr5 i

20*10° b

i ppify sfipgas
15107 ¢ i S
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Edge of bubble
1.0°10° tinked w/ drop
in gas density at
'the contact
discontinuity |
20 0 20
6 [deg.]
- Morphology + Cst surface brightness well reproduced.

- In general, for cst gas density, y-ray data prefers decelerating profiles.
— Sharp edge < Change in gas density at the CD ... or CR mfp smaller.

- Explains discrepancy between y-ray data and 2.3 GHz data. Both p and e-
possess extended distributions. Difference in morphology of emission due to
differing distributions of target gas and magnetic fields.
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Our results

Value of d: For the majority of the parameter space, small values of d are
problematic. Intermediate and “large” values of d both show non-negligible
regions of parameter space able to provide sufficiently flat profiles in
aarzeement with that measured :
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x(%,o,f, contours for fits to the y-ray
flux surface brightness profile of the
FBs using Fermi measurements in
the range 0 < 2°.

Black circles : Best-fit parameters.
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Energy spectra Southern Bubble

— Measurements of Yang et al., 1402.0403 :
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PeV CRs at Earth from the GC ?

Acceleration of petae lectronvolt protons in the
Galactic Centre

AR Nature (2016)

— Historical SNRs : Particles
upto~100's TeVonly! --->

... In line with : Bell, Schure,
Reville & GG, MNRAS (2013)
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Galactic winds (or breezes) at larger
Galactocentric radii ?

We study the impacts that similar types of outflow profiles would have on CR spectra at Earth.
Competition between diffusion and advection in the halo can produce hardenings/softenings.

2H

"“artificial”’ N=0 po&ndgmat- =+H
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Galactic winds (or breezes) at larger
Galactocentric radii ?

"NO WIND" CASE:

CR spectrum at sources: ~E™
D: ~E°; B/C:~E®
CR spectrum at Earth: ~E*®
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Galactic winds (or breezes) at larger
Galactocentric radii ?

"WIND V(2) ~ 2" CASE:
CR spectrum at sources: ~E™ " P
D: ~E3; B/C: ~E3 . =
e 21*
CR spectrum at Earth: ~E*%? - =
e.g. Bloemen + '93, Ptuskin + '97 < D il \) ,.
(see S. Recchia's talk for dyn. impact i T T
A OTCRS) Diffusion time : t_~ z%/D

diff

—a —a —8/2 Advection time : t.~ z/\V
(Independent of z)

at the sources at Earth 1/
> E o E =2 ~D/V x D

Giacinti & Taylor A Model of the Fermi Bubbles: Galactic CRs in a Breeze TeVPA, Aug 9 (2017)




— 1/3

Taylor & GG
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CR spectrum at sources o E +37 and total power injected in CRs at |z| i h set to =~ 3.3 x 10% erg pc 2yt
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Taylor & GG
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— 1/3
Taylor & GG D= Dioav(E/(Z x 10GV))’,
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And with a WIND (i.e. dV/dz > 0 at all 2):

For some parameter values : Possible to make the hardening coincide with the
200 GV hardening measured by PAMELA, CREAM and AMS-02.

SMALL Taylor & Giacinti (2017).
diffusion V(z) .

(44 '
T a4 box
1_,.3 e+ :- _0 —6
P
|E ~~~~~~~~~~~
o TR
| T
-~ T V(z)~z wind
m
&
o 1e+13 |
LlJ 3

Shift origin wind (+200pc)

. . No shift =-==----m .

1e+09 1e+10 1e+11 le+12 1e+13 le+14
E [eV]

Hardening at low E. even with D(z)=cst

Giacinti & Taylor A Model of the Fermi Bubbles: Galactic CRs in a Breeze TeVPA, Aug 9 (2017)



Conclusions & Perspectives

 Modelled the Fermi Bubbles as a Galactocentric outflow of
gas and pre-accelerated CRs.

 Flat surface brighthess (as observed by Fermi) can be
reproduced with outflows decelerating with distance to the
Galactic disk (e.g. breeze profiles),

 Future observations will be able to test the presence or
absence of winds or breezes at larger Galactocentric radii,
thanks to local CR observables.

* Softenings/hardenings appear, even in the limiting case of
D(z)=cst. May relate to the 200 GV hardening observed in the
CR spectrum by PAMELA, CREAM, AMS-02.

Giacinti & Taylor A Model of the Fermi Bubbles: Galactic CRs in a Breeze TeVPA, Aug 9 (2017)



PeV CRs at Earth frqm the GC ?

CR density profile in the disk for
continuous steady injection

unitsj)

of a Galactocentric source and €
purely diffusive propagation gﬂ 4f
(= Upper limit on contribution). &

o
T

HESS paper = 10TeV CR density at

100 pc from Sgr A* is ~6 times above -~
the sea level. For 1/r CR density, the
transition distance is ~ 0.6 kpc.
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Assuming the CR energy density in the GC region has a spectrum
dN/dE « E™* = Transition at 8 kpc for 20 PeV > E_

Much stronger activity in the past possible, but advection in WIND.

Giacinti & Taylor A Model of the Fermi Bubbles: Galactic CRs in a Breeze

TeVPA, Aug 9 (2017)
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