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Far-IR polarimetry with SOFIA/HAWC+ -- Terry Jones et al. 2019

M82
Deep Ha image



Crocker (2015): tilt of Fermi Bubbles  motion of Galaxy through the IGM 

- Requires 108-year time scale owing to slow relative speed, ~50 km/s

The Fermi Bubbles



Su, Slatyer & Finkbeiner 2010 

Fermi Bubbles – high energy gamma rays

16 kpc+ microwave haze



Fermi Bubbles – two fundamentally different hypotheses
for what has produced them …

I. Star formation throughout the
Central Molecular Zone (300 pc)
   Crocker & Aharonian 2011
    Crocker 2012, Lacki 2014
    Crocker et al. 2015 

Hadronic, long-lived (> 108 years),
Gamma rays from πo production,
plus secondary electron component
to account for: microwave haze,
polarized radio emission, and
soft X-rays at lower boundary

II. Outflow launched by nuclear 
activity – inner parsec
    Su et al. 2010 
     Zubovas, King & Nayakshin 2011
     Zubovas & Nayakshin 2012
     Guo  & Mathews 2012 
     Yang et al. 2012

Leptonic, with gamma rays 
produced by inverse Compton. 
- Short time scale (few Myrs)
could be identified with event 
that produced the
young nuclear cluster



The energetic universe as seen with the eROSITA X-ray telescope. JEREMY SANDERS, 
HERMANN BRUNNER AND THE ESASS TEAM (MPE); EUGENE CHURAZOV, MARAT GILFANOV 
(ON BEHALF OF IKI)     PRESS RELEASE: HTTPS://WWW.MPE.MPG.DE/7388144/NEWS20191208

Predehl et al. 2020 Nature



The source of the wind is centered on the Galactic center…
But is it due to a high supernova rate there?
Or to an outflow driven by the Galactic black hole?

To answer that, let’s zoom in to smaller scales, from the
8 kpc Fermi Bubbles down to a few hundred parsecs.

We start with X-rays

- but relatively hard X-rays, compared to ROSAT
      or eROSITA

- because near the plane, soft X-rays are absorbed
   in the ISM



The Galactic Chimney 
in X-rays, with XMM

Ponti, Hoffmann, Churazov, MRM 
et al. 2019

Red: 1.5 – 2.6 keV
Green: 2.35 – 2.56 keV (S XV)
Blue: 2.7 – 2.97 keV

Is this the channel through 
which the Fermi Bubbles are 
fed?

Basically a temperature map:

Bottom of 
Fermi Bubble
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Heywood et al. 2019
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Radio emission 
mix of thermal
& nonthermal



Radio

X-rays

Superposition of
soft X-rays and
radio

The Galactic
Center Chimney

Galactic plane

• The X-ray chimney
extends beyond 
the radio bubble

• Radio is more limb-
brightened, forming
a shell around the
X-ray plasma



Interpretation: 

High-velocity, hot, bipolar wind has created a cylindrical cavity that 
appears to be the Galaxy’s “exhaust vent” that feeds the Fermi 
Bubbles and is at the base of the Galactic wind
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Mackey, MRM, Ponti et al.
in preparation



What collimates the Galactic wind?

One obvious answer: the vertical density gradient
 Energy released near the center creates an
    overpressure that drives material along the
    path of least resistance — along the gradient

The other answer: a strong vertical magnetic field

                     The evidence ……



Nonthermal radio filaments
 Up to 50-100 pc long
 Often occur in bundles
 Highly polarized
 Largely  Galactic plane⊥

Radio Arc

MeerKAT
 20 cm



Emphasis on nonthermal radio filaments

Heywood et al. 2019



Radio Arc at 6cm
from the JVLA
Paré, Lang, MRM ++ 2019

Rigidity of the field lines
     B ~ milligauss

Galactic plane



“Harps”



Radio Synchrotron Harps (Thomas et al. 2020) 
Heywood et al.  2019; Las et al. 2008; LaRosa et al. 2001 

Pulsar wind
nebula or 
massive star
stellar wind
moving across
the field lines



Bottom Line: there appears to be a quasi-uniform vertical magnetic field
in the central few hundred parsecs of the Galaxy

• Field is locally “illuminated” by synchrotron emission associated with
 sources of relativistic particles

• The field strength could be ~ milligauss, based on 
 morphology (filament rigidity)
 Faraday rotation measurements

 strong enough to direct energy flows perpendicular to Galaxy

       On top of the effect of the vertical density gradient in the ISM !

Need now to explore the wind: velocity information …



The Galactic Wind in HI and CO

• McLure-Griffiths et al. 2013: discovery of fast-moving HI
clouds apparently moving away from the Galactic center 
on kiloparsec scale

• Di Teodoro et al. 2018: Neutral Hydrogen Clouds Tracing the
Galactic Nuclear Outflow

Hundreds of clouds moving
radially outward at 
~330 km/s into a bicone
with opening angle > 140o

Masses  10 – 105 M8





A more recent result from the same group:

Di Teodoro et al. used the APEX telescope in Chile to detect CO 2-1 
line emission from two (out of two) of the rapidly moving clouds   
so they have dense molecular cores !

• That ups their mass by at least
a factor of two, and possibly 
much more.   



Hypotheses: clouds are accelerated by a hot wind 
moving out much faster,  ~1500 km/s

They have been ripped out of the central molecular zone.

 Not much work done yet on how and when the clouds were
originally launched from the Central Molecular Zone

 Rate of mass outflow in cool clouds  0.2 M≳ 8/yr
     (assuming that an interesting fraction of the high-velocity clouds has 

molecular cores)

 Exceeds the rate of star formation in the CMZ (~0.1 M8/yr),
so the mass loss rate in the wind is very important for the
evolution of the Galactic center.



Is the wind primarily powered by energy release by the 
central black hole?

Or by supernovae and stellar winds tied to star 
formation….?



Multiple supernova model: Mengfei Zhang, Zhiyuan Li, MRM 2021
   here: 1 SN/kyr,   vertical B = 80 µG       3D MHD code PLUTO

30 kyr

180 kyr

330 kyr

Views along all 
three axes, after …



The supernova occurrence rate, and the magnetic field strength are debatable,
but supernovae are a plausible and likely contributor to the wind driving.

BUT, there is almost certainly a contribution from the 
Galactic Black Hole:

We know that the GBH accretes only a tiny fraction of the material that
passes through the Bondi radius.  

The rest (~ 10-5 M8 yr-1) must be ejected as an energetic wind 

AND, tidal disruption events are inevitable on time scales of a few 104 yrs

ALSO, evidence for accretion “events” on 100-year timescales with E > few 
1039 ergs s-1 for a few years, leading to hard X-ray flashes that cause 
propagating fluorescent iron-line emission at 6.4 keV

PLUS, there’s X-ray evidence for a sizeable event from the GBH 104 years 
ago – a bipolar X-ray nebula with entrained molecular gas



molec

30
 pc

Bipolar X-ray lobes  
(MRM, Baganoff et al. 2003; Ponti, MRM, et al. 2015)

Associated molecular gas
gives evidence for rapid
expansion 



The right answer is probably that both are contributing, AND that
they are intimately linked! ---

Jan’s work has shown us that supernovae and accretion go together:



Context and Conclusions:

• A strong Galactic wind replenishes the halo with hot gas, 
and is likely to be part of a Galactic fountain

• Cosmic rays embedded in the wind could be responsible 
for the Fermi Bubbles, but episodic jets from the 
Galactic Black Hole could also be responsible

• The Galactic center magnetic field likely plays an 
important role in shaping the chimneys and collimating 
the wind

• The wind, and the various phenomena that compose it 
and shape it are likely to be commonplace in spiral 
galaxies

• Personal opinion:  feedback from the Galactic Black Hole 
seems to be themost important driver of the Galactic 
wind, but massive stars play an important secondary role.



Congratulations to you, Jan, 

   on the occasion of this 

   marvelous celebration



Questions ?    
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