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Kinematic Models of the Disk-Halo 
Interface: A Galactic Perspective	



Galactic fountain, from 
Bregman (1980) 

What does a Galactic fountain 
predict for the velocity field? 	





Outline of Talk 	
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I.  Kinematics of Disk-halo models: an overview	


	


II.  Another Galactic Wind? (Not the nuclear wind)	



III.  The Kinematics of the Warm Ionized Medium 	


     (Some results edited out until all-sky WHAM release) 	


	


IV.   Some Comments on Galactic Infall	



Thanks to John Everett  (Winds) and Matt Haffner (WHAM),  Bart Wakker and 
Audra Hernandez (HVCs) and my summer students Andrew Eagon,  Alexandre 
Fernandes, and Peter Doze. 	





Models of Disk-Halo Gas	
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Modeling velocity fields	



Velocity 
dispersion	



7-20 km/s	



Streaming 
motions	



10-30 km/s	



Shells and 
bubbles	



10-150 km/s	



Vertical 
circulation	



10-150(?) km/s	



Rotation	

 220 km/s	



Extragalactic 
Infall	



10-400 km/s	



Winds	

 100-1000(?) km/s	



Galaxies are complicated systems, but 
there’s one thing about them that is 
(apparently) simple… 	



Types of motions in the ISM	



FLAT ROTATION CURVES	



NGC 1365 ���
SSRO-South (R.Gilbert, 
D.Goldman, J.Harvey, 
D.Verschatse) - PROMPT 
(D.Reichart)	



Velocities are something that we can measure. If you care about finding out 
whether or not your model works, predict velocities! 	
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Classification of models	


B1.  Ballistic outflow ���
–Appropriate for neutral clouds 
formed in R-T instabilities for 
superbubbles? ���
���
B2a. Ballistic inflow 
(fountain) ���
–Appropriate  for neutral clouds 
formed in a rotating gaseous halo?	



 B2b. Ballistic inflow 
(accretion) ���
–Depends on the angular 
momentum and column density 
distribution of intergalactic 
environment	



MHD-1 Hydrostatic disks���
– Is there an equilibrium figure of rotation (that 
is not unstable)?  ���
���
MHD-2  “Viscous” thick disk���
– What is the likelihood of momentum transfer 
by “turbulent viscosity” or magnetic stresses? 	



MHD-3  Rotating winds���
–What is the velocity structure of winds/
fountains in a rotating outflow?���
 ���
MHD-4  “Dynamic equilibrium”  disk���
– What is the distribution of energy input? 
Does spiral structure matter? 	



Note: The question of the physics governing rotation vs. height and merdional 
circulation remains unresolved in many physical systems: solar interior, solar 
chromosphere/corona, accretion disks, etc.  	
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Ballistic models outflow: Collins, Benjamin & Rand (2002)*	



� 

dV
dt

= g ⇒ dV
dt

= Vc
2 ˜ g (R,z) ⇒

d(V
Vc

)

d(Vct)
= ˜ g (R,z)

Specify: 	



• Potential	



• Initial set 
of positions 
for clouds 	



• Initial set 
of velocities 
for clouds. 	



Observed 
scale height 
sets 
velocities. 	



*See also, Charlton & 
Salpeter (1989), Wakker 
(1990)	
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Ballistic models outflow: trajectories	

vradial	

 vαζιµυτη
αλ	



Add pressure gradients? 	

 Allow phase change? 	



Drag?	
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For vcirc=220 km/s���
zmax=1 kpc à vkick=100 km/s	


Zmax=2 kpc à vkick=154 km/s	
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For vcirc=220 km/s���
zmax=1 kpc à tcross= 80 Myr  	


Zmax=2 kpc à tcross= 100 Myr	



At R=4 kpc,  torbit=114 Myr ! 	
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Common to all models: gR(R,z)	



v2/R	

 gR	



gz	

g	



Ballistic implication:  gR=vrot
2 / R  and l=vR  :   gR= l2/R3 ���

	

 	

    As gR decreases, R increases (radial outflow). ���
	

 	

    As R increases, v decreases (rotational lag). 	



Hydrostatic implication:  If rotation balances gR, then the rate at which it 
drops with vertical height should be larger near the center of the galaxy and 
smaller at large radius; any mismatch could be attributed to other forces.  	



Key point: gR(R,z) drops faster with height at small R than large R. 	


Calculated from Dehnen & Binney (1998) 	



-20 km/s/kpc	


-7.5 km/s/kpc	
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Vrot(z, R): Galaxy rotation curves aren’t 
flat above the midplane!	



Zschaechner et al (2012, 2015ab)	


	


A major result of HALOGAS in 
constraining the kinematics of 
extraplanar gas rotation. If only we 
knew which model to use!  	





Galactic Winds���
���
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Galactic Structure in One Slide���
The Scutum Arm (Kwee et al 1954)	
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Reasons Sct-Cen���
is probably a “major” 
arm:	


	


Only tangency in star 
counts (Drimmel 
2000,Benjamin et al 
2005,2008)	


	


Also known as the 
“Molecular 
Ring” (Dobbs & Burkert 
2012)	


	


Extends to Outer 
Scutum-Centaurus Arm 
(Dame and Thaddeus 
2011)	


	


Very long dust lane 
parallel to the plane 
(Goodman et al 2014) 	
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X-ray Emission is asymmetric in longitude 	



“Galactic Bulge” ROSAT ¾ keV X-ray emisison (Snowden et al 1997) 	



X-ray Emission extends  beyond Fermi Bubble	
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ROSAT and Planck 857 GHz (and other bands) anticorrelate	



B

D

C

E F

A
G



408 MHz map (destriped/unsharp masked) and ROSAT ¾ keV correlate! 	



B

D

C

E F

A
G

As gas goes up… 
it moves radially 
outward	

As gas moves outward, it slows 

down relative to the disk below	





WMAP 23 GHz ���
(Hinshaw et al 2009; Carretti et al 2013) 	
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A Hybrid Cosmic-Ray/Thermal Pressure Wind	
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Everett, Zweibel, Benjamin, 
McCammon, Rocks, Gallagher (2008) 	



Everett, Schiller, Zweibel (2010) 	



1.  Matches X-ray emission (left) and does not violate 408 MHz synchrotron 
constraints (right) 	



2.  Thickness ~ 1 kpc, mass flux of 2.2 Mo/yr, initial density/temperature/pressures 
consistent with observations. Mechanical luminosity is high (twice supernova 
power) if you assume no radial/azimuthal drop off. (1 D model, 1D match). 	
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Adding in Rotation (w. John Everett)	



We are currently redoing the winds but with 
rotation.  Solution is affected dramatically, so we 
are still searching through parameter space for 
wind solutions that match X-ray, synchrotron, 
and now velocity field.  Code has been tested 
against previous results and Zirakashvili et al 
(1996)  	



Gas is constrained to flow along 
a pre-specified magnetic field 
structure, accelerates through 
the various critical points. It is 
NOT conserving angular 
momentum due to stresses in 
the B field.  	



Major source of angular 
momentum loss for ISM!  	





Probing the velocity field with 
UV absn targets 	



Kinematic Models of the Disk-Halo Interface: A Galactic Perspective• Sep 1, 2015  • Robert Benjamin• U of Wisconsin-Whitewater	





Kinematics of the Warm 
Ionized Medium 	
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The	
  Wisconsin	
  H-­‐alpha	
  Mapper	
  (WHAM)	
  	
  
•  Wisconsin	
  H-­‐Alpha	
  Mapper	
  (WHAM)	
  

detects	
  faint	
  op9cal	
  emission	
  lines	
  from	
  
the	
  diffuse	
  warm	
  interstellar	
  medium.	
  	
  	
  	
  	
  	
  
	
  	
  —One-­‐degree	
  beam	
  
	
  	
  —Velocity	
  baseline	
  of	
  ~200	
  km/s	
  
	
  	
  —Velocity	
  resolu9on	
  of	
  12	
  km/s	
  	
  

•  Much	
  of	
  the	
  sky	
  was	
  observed	
  from	
  KiM	
  
Peak	
  (Haffner	
  et	
  al	
  2003);	
  the	
  southern	
  
sky	
  is	
  currently	
  being	
  observed	
  from	
  
Cerro-­‐Tololo	
  observatory	
  .	
  	
  

This	
  is	
  the	
  FIRST	
  velocity	
  resolved	
  all-­‐sky	
  survey	
  of	
  H-­‐alpha	
  emission.	
  
The	
  major	
  goal	
  is	
  to	
  characterize	
  the	
  diffuse	
  ionized	
  gas.	
  It’s	
  sort	
  of	
  
like	
  the	
  very	
  first	
  21	
  cm	
  survey	
  of	
  HI	
  in	
  the	
  1950s.	
  	
  



Ionized	
  Nebulae	
  in	
  the	
  “Warm	
  Ionized	
  Medium”	
  (WIM)	
  
1950-­‐1959	
  
1960-­‐1969	
  
1970-­‐2014	
  To 

date	



Started	
  off	
  by	
  searching	
  for	
  bubbles/ionized	
  regions	
  	
  in	
  	
  a	
  combined	
  H-­‐alpha	
  image	
  from	
  
Finkbeiner	
  (2003)	
  using	
  data	
  from	
  	
  Southern	
  H-­‐alpha	
  Sky	
  Survey	
  Atlas	
  (SHASSA	
  Gaustad	
  et	
  al	
  
2001),	
  Virginia	
  Tech	
  Spectral	
  survey	
  	
  (VTSS,	
  Dennison	
  et	
  al	
  1998)	
  and	
  WHAM.	
  We	
  had	
  758	
  H-­‐
alpha	
  nebulae	
  total	
  and	
  105	
  new	
  (uncatalogued?)	
  regions.	
  Measured	
  kinema9c	
  distances,	
  
intensites,	
  velocity	
  moments	
  and	
  (when	
  available)	
  [S	
  II]/H-­‐alpha	
  	
  line	
  ra9os	
  for	
  278	
  objects.	
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Many,	
  many	
  nearby	
  supernovae!	
  	
  

Monogem Ring	



Orion-Eridanus 
Superbubble	



Vela	



Gum���
Nebula	



Antlia	





Different statistics we can use	



MOMENTS (calculated over three different velocity ranges) 	



GAUSSIAN DECOMPOSITION	



LOCAL MAXIMA 	





WHAM measures ne
2-weighted velocity along 

the line of sight	



I	



II	

 III	



IV	





H-alpha: Upflow or Downflow ���
(Haffner et al 2003)	
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High Velocity Clouds 
(odds and ends) 	
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An Orbit for Complex A (Alexandre Fernandes) 	
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Smith Cloud	



Complex A	



Sun	



Conclusions: Analysis of HVC Complex A velocity field suggests a cloud with space velocity 
~250-280 km/s in a prograde, but non-circular, orbit tipped by about 40o from Galactic plane. • Drag 
forces are shown to have very little effect on the orbit of Complex A for the past ~200 Myr. As the 
distance of modeled orbits increases, higher cloud velocities are required to match the data due to the 
curvature of the orbit. 	


  	





Cohen Stream (similar deal) 	
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A low metallicity log (Z/Zo)=-0.43±0.12 IVC (with dust)! 	
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Hernandez et al (2013)	


	


Why study low metallicity 
molecule formation in other 
galaxies when we may* have 
an example ~300 pc away!  	


	


*Depends on swept-up column  	





Summary 	
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Models:  Gas that moves up, generically moves radially outward and slows down. 
The fact that halo lags have a radial dependence is an important constraint on all 
the classes of models. 	


	


Galactic Winds:  The Milky Way might well have two winds (or outflow regions), 
the nuclear Fermi bubble, and the annular/spiral wind from Scutum-Centaurus. 
Models have already been developed to match ROSAT ¾ keV and 408 MHz 
synchrotron emission, and are being redeveloped to include rotation and test 
against kinematic data. This wind is an important foreground to consider when 
looking at halo kinematics. 	


	


WHAM:  A lot of bubbles, many of them new 105 of them new.  Completion of the 
all-sky survey will allow us characterize the global velocity field of the WIM. 	


	


HVCs:  Several HVC streams have well-characterized vGSR along their lengths, 
allowing one to estimate a velocity vector for the gas and experiment with 
different orbits. Strangely, Smith Cloud, Cohen Stream and Complex A have 
similarly tipped prograde orbits.  In addition, we have identified a metal poor IVC 
(a former HVC?) which may be a mixture of pristine and swept-up gas. 	


	




