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Goal: To determine the dynamical state of extraplanar 
diffuse ionized gas (eDIG) layers in Milky-Way type galaxies 
•  Hydrostatic equilibrium, galactic fountain/wind, accretion flow? 
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Approach: Observe nearby galaxies viewed from a range 
of inclination angles to develop a 3D picture of  

eDIG kinematics 
•  Optical emission-line spectroscopy (WIYN, SALT) 

•  Radio continuum observations (CHANG-ES) 
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Part #1: The Edge-On Perspective 
•  NGC 891 and NGC 5775: Testing a dynamical equilibrium model 
•  Can thermal, turbulent, magnetic field, and cosmic-ray pressure 

gradients support the eDIG layer at hz,obs? 

Part #2: The Face-On Perspective 
•  M83: Directly measure vertical velocity dispersion, infall/outflow 
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A velocity-integrated Hα map of the Milky Way  
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•  Physical properties: 
•  T ~ 0.6 – 1.5 x 104 K 
•  <ne> ~ 0.03 – 0.08 cm-3 

•  H+/H ~ 1 

•  φ ~ 0.4 – 0.2 within  
    |z| ~ 2 – 3 kpc 
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A velocity-integrated Hα map of the Milky Way  
(WHAM-SS; PI: L. M. Haffner) 

•  Important to our understanding of: 
•  Feedback from OB stars, Lyman continuum background 
•  Vertical structure of ISM, midplane pressure 
•  Circulation of baryons/metals between disk/halo 

•  Physical properties: 
•  T ~ 0.6 – 1.5 x 104 K 
•  <ne> ~ 0.03 – 0.08 cm-3 

•  H+/H ~ 1 

•  φ ~ 0.4 – 0.2 within  
    |z| ~ 2 – 3 kpc 
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Figure 1.5 Normalized vertical density distribution of an isothermal gas with velocity
dispersion σ at R = 8 kpc in the Galactic gravitational potential of Wolfire et al. (1995).
An exponential density distribution with hz = 1 kpc is shown by the black curve. The blue
and pink dashed curves compare the density distributions resulting from thermal support
(σth = 10 km s−1) and from thermal and turbulent support, respectively (σth = 10 km s−1,
σturb = 46 km s−1). The turbulent velocity dispersion is chosen to reproduce a WIM scale
height of hz = 1 kpc.

the required value is σturb = 73 km s−1.

For a dynamical equilibrium model to succeed for an eDIG layer, then, there must be

turbulent motions on the order of those estimated above. Alternatively, the layer must be

supported by other pressure gradients, such as those associated with magnetic fields and

cosmic rays, or be engaged in a bulk outflow, infall, or disk-halo circulation.

eDIG vertical density distribution for given σth,&σturb&in MW potential  

ρ#�#e%z/h,#h#=#1#kpc##
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Figure 1.1 Schematic of possible origins and dynamical states of eDIG layers considered
in this thesis.

1.2 Extraplanar Diffuse Ionized Gas Layers

1.2.1 The Milky Way Galaxy

Observed absorption in Galactic synchrotron emission led Hoyle & Ellis (1963) to

hypothesize that the Galactic disk is surrounded by a layer of warm, ionized gas. The

presence of an eDIG layer in the Milky Way was later confirmed through the dispersion

of pulsar signals (e.g., Hewish et al. 1968) and direct detection of optical emission from

recombination and forbidden line transitions (Reynolds 1971; Reynolds et al. 1973). Known

as the Reynolds layer, the extraplanar warm ionized medium (WIM) has been studied

extensively by the Wisconsin Hα Mapper Sky Survey (WHAM-SS) (Haffner et al. 2003,



Boettcher, Zweibel, Gallagher, & Benjamin (2016) 
Boettcher, Gallagher, & Zweibel (in preparation) 

Ask: Are turbulent, magnetic field, and/or cosmic-ray pressure gradients 
sufficient to support eDIG layers in dynamical equilibrium? 

17"



Boettcher, Zweibel, Gallagher, & Benjamin (2016) 
Boettcher, Gallagher, & Zweibel (in preparation) 

Ask: Are turbulent, magnetic field, and/or cosmic-ray pressure gradients 
sufficient to support eDIG layers in dynamical equilibrium? 

18"

4 Boettcher, Zweibel, Gallagher, and Benjamin

TABLE 1
NGC 891 Primary Mass Model (M/LK = 0.6)

Parameter Value Reference

hR,D 4.1 kpc 1
hz,D 0.4 kpc 1
ρ0,D 0.09× 1010 M⊙kpc−3 1
hR,B 0.3 kpc 1
hz,B 0.1 kpc 1
ρ0,B 8.32× 1010 M⊙kpc−3 1
aDM 2.9 kpc 2
ρ0,DM 0.03× 1010 M⊙kpc−3 2

References. — [1] Schechtman-Rook & Bershady
(2014); [2] This work

Note. — The radial scale lengths, hR, the vertical
scale heights, hz , and the central mass densities, ρ0,
determined for an exponential disk (D) and bulge (B)
model of NGC 891. The results are derived from the
near-infrared photometry of Schechtman-Rook & Ber-
shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
the central density, ρ0,DM , of the dark matter halo re-
quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.

!
(z − z′)2 + (a±R)2. The potential Φ(R, z)DM of the

dark matter halo is given by:

Φ(R, z)DM = −4πGρ0,DMa2DM
ln(1 +R/aDM )

R/aDM
. (4)

From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
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be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
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to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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model of NGC 891. The results are derived from the
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shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
the central density, ρ0,DM , of the dark matter halo re-
quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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dark matter halo, we determine the circular velocity due
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a few kpc of the disk is particularly important for the
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near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.
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librium equation given by
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z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
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P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
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Our mass model differs from that of Fraternali & Bin-
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our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
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near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.
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librium equation given by
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coordinates, respectively. Here, ρ(z,R) is the gas den-
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dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
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dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.
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Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by
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where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.
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Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by
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where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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From the gravitational potential of the disk, bulge, and
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to each component, and add these in quadrature to re-
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Our mass model differs from that of Fraternali & Bin-
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a few kpc of the disk is particularly important for the
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near-infrared imaging and radiative transfer modeling of
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Throughout this study, we assume that the eDIG layer
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librium equation given by
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z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
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P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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From the gravitational potential of the disk, bulge, and
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to each component, and add these in quadrature to re-
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a few kpc of the disk is particularly important for the
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is in pressure balance, and we solve the hydrostatic equi-
librium equation given by
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z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
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P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form
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Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
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ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.
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turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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TABLE 1
NGC 891 Primary Mass Model (M/LK = 0.6)

Parameter Value Reference

hR,D 4.1 kpc 1
hz,D 0.4 kpc 1
ρ0,D 0.09× 1010 M⊙kpc−3 1
hR,B 0.3 kpc 1
hz,B 0.1 kpc 1
ρ0,B 8.32× 1010 M⊙kpc−3 1
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ρ0,DM 0.03× 1010 M⊙kpc−3 2
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Note. — The radial scale lengths, hR, the vertical
scale heights, hz , and the central mass densities, ρ0,
determined for an exponential disk (D) and bulge (B)
model of NGC 891. The results are derived from the
near-infrared photometry of Schechtman-Rook & Ber-
shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
the central density, ρ0,DM , of the dark matter halo re-
quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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(z − z′)2 + (a±R)2. The potential Φ(R, z)DM of the

dark matter halo is given by:

Φ(R, z)DM = −4πGρ0,DMa2DM
ln(1 +R/aDM )

R/aDM
. (4)

From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
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turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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model of NGC 891. The results are derived from the
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From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
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turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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determined for an exponential disk (D) and bulge (B)
model of NGC 891. The results are derived from the
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shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
the central density, ρ0,DM , of the dark matter halo re-
quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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Φ(R, z)DM = −4πGρ0,DMa2DM
ln(1 +R/aDM )
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. (4)

From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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determined for an exponential disk (D) and bulge (B)
model of NGC 891. The results are derived from the
near-infrared photometry of Schechtman-Rook & Ber-
shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
the central density, ρ0,DM , of the dark matter halo re-
quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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dark matter halo is given by:

Φ(R, z)DM = −4πGρ0,DMa2DM
ln(1 +R/aDM )

R/aDM
. (4)

From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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model of NGC 891. The results are derived from the
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shady (2014) assuming a K-band mass-to-light ratio of
M/LK = 0.6. We also list the scale radius, aDM , and
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quired to reproduce the HI rotation curve of Fraternali
et al. (2011) assuming an NFW profile.
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ln(1 +R/aDM )
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From the gravitational potential of the disk, bulge, and
dark matter halo, we determine the circular velocity due
to each component, and add these in quadrature to re-
produce the HI rotation curve shown in Figure 1.
Our mass model differs from that of Fraternali & Bin-

ney (2006), most noteably in that the scale height of
our disk (hz,D = 0.4 kpc) is only ∼ 40% of theirs
(hz,D = 1.05 kpc). As the gravitational potential within
a few kpc of the disk is particularly important for the
dynamical equilibrium of the eDIG layer, we use the new
near-infrared imaging and radiative transfer modeling of
Schechtman-Rook & Bershady (2014) to find a more con-
servative value of hz,D.

3. THE SCALE HEIGHT PROBLEM

Throughout this study, we assume that the eDIG layer
is in pressure balance, and we solve the hydrostatic equi-
librium equation given by

dP (z,R)

dz
= −dΦ(z,R)

dz
ρ(z,R), (5)

where z and R are the height and radial cyclindrical
coordinates, respectively. Here, ρ(z,R) is the gas den-
sity, Φ(z,R) is the galactic gravitational potential, and
dΦ(z,R)

dz = gz(z,R) is the gravitational acceleration in the
z direction. The total pressure P (z,R) is expressed as
the sum of the gas pressure, magnetic field pressure, and
cosmic ray pressure:

P (z,R) = Pg + PB + Pcr. (6)

The magnetic field pressure is assumed to be isotropic.
We use an equation of state of the form

Pg(z,R) = σ2ρ(z,R), (7)

Fig. 2.— In (a), the exponential electron scale height of an
isothermal gas with a range of temperatures is shown as a function
of galactocentric radius in NGC 891. The gas temperature must
be T ∼> 105 K to achieve a scale height hz = 1 kpc comparable

to the observed value for this system. In (b) and (c), the isother-
mal gas density is considered for a thermally supported (b), and
thermally and turbulently supported (c), gas layer at a range of
temperatures as a function of height above the disk. A temper-
ature of T = 1.25 × 105 K (σturb = 0 km s−1), or a turbulent
velocity dispersion σturb = 36.8 km s−1 (T = 104 K) is required
to produce a scale height hz = 1 kpc at the observed cutoff radius
of R = 8 kpc.

where σ2 = σ2
th+σ2

turb is the quadrature sum of the one-
dimensional thermal and turbulent velocity disperisons.
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to the edge of the eDIG layer that the differences be-
tween the disk and the ring models are small, and thus
the minor-axis pointings are the focus of our comparison.
Along the minor axis (R′ = 0 kpc; vlos = 0 km s−1),
the disk and ring models are indistinguishable. Moving
to larger |R′|, the ring model profiles remain fairly sym-
metric, while the disk model profiles become increasingly
asymmetric and develop low- or high-velocity wings. In
general, the observed line profiles qualitatively appear
much more consistent with the ring model than with the
disk model. There are a small number of spectra that do
have wings consistent with a disk; an example of such a
spectrum is shown at the bottom left of Figure 6. Addi-
tionally, some spectra have significant asymmetries that
are inconsistent with both the disk and ring models, as
shown at the bottom right of the same Figure.
Finally, we distinguish between a disk and ring model

by examining the position-velocity (PV) diagram of each
model. We cannot construct robust PV diagrams from
our data due to their low S/N. However, we can deter-
mine the location of the velocity centroids in the PV
plane, and compare these to the velocity centroids of
each model. The results are shown in Figure 7. Though
neither the minor-axis or off-axis centroids are well-
reproduced by the disk model, the minor-axis centroids
are well-characterized by the ring model. The off-axis
centroids are closer to the systemic velocity than pre-
dicted by either model; these can be made consistent by
either increasing the radius of the eDIG layer to R ≥ 10
kpc, or decreasing the rotational velocity of the gas by
∆vc = −50 km s−1kpc−1. However, the former is in-
consistent with Hα imaging (Dettmar 1990; Rand et al.
1990), and the latter with PV diagram analysis of higher
S/N data of the same system (Heald et al. 2006c; Kam-
phuis et al. 2007). The observed velocity centroids are
given in the online table.
Though we cannot fully reproduce the velocity cen-

troids at large R′ with either of our simplified geometries,
we can conclude that the observations are more consis-
tent with a ring model than with a disk model. A true
ring model in which there is little eDIG within R < Rmin
is more consistent with observations than the quasi-ring
produced by an isobaric gas layer in the galactic gravi-
tational potential (i.e., a model in which the scale height
hz increases with R). The latter model produces a slope
that is steeper than observed in the z, IHα plane. In-
terestingly, Heald et al. (2006c) find evidence for a gas
density profile that peaks at R ∼ 6 kpc and decreases
to larger and smaller radii by modeling the PV diagram
of the eDIG layer NGC 891 (see their Figure 3). Kam-
phuis et al. (2013) also argue for non-cylindrically sym-
metric HI layers in edge-on galaxies from the HALOGAS
survey. Thus, although cylindrical geometry is often as-
sumed, there is evidence for non-cylindrical geometries
in multiple galaxies.
In summary, the observed emission line intensities and

profiles suggest that the eDIG fills only a small percent
of the volume along a given line of sight, and are qualita-
tively consistent with the eDIG being found in a ring that
is a few kpc thick between Rmin < R < 8 kpc. It is likely
that any given line of sight intersects one or more eDIG
clouds or filaments that may be found over star-forming
spiral arms, but are also subject to a certain amount of
randomization in their radial distribution and rotational

velocity. We find that the electron density distribution
of the eDIG layer is well-described by a thick disk and
halo model.
For the purposes of this paper, we focus on the dy-

namical state of the thick disk, for which scale heights
of hz = 0.8 kpc and hz = 1.0 kpc were found for the
East and West sides of the disk, respectively. We take
the larger of these two values as the scale height that we
seek to satisfy with our dynamical equilibrium model for
the remainder of this paper.

5.2. Thermal and Turbulent Support

Our second goal is to quantify the thermal and tur-
bulent (random) velocity dispersions of the eDIG layer,
and compare these velocity dispersions to those required
to satisfy the dynamical equilibrium model. We quan-
tify the emission line widths along the minor axis of the
galaxy (p1 and p2 in Table 2), where the contribution
of rotation to the line width is minimized. Our data
have the highest spectral resolution at which the eDIG
has been observed along the minor axis in this system,
and thus our data are uniquely suited to constraining the
velocity dispersion of the eDIG layer.
The width of an emission line that arises along a line of

sight through an edge-on gas disk is a result of several fac-
tors: thermal motions (σth), turbulent motions (σturb),
galactic rotation (σrot), and non-circular motions such as
streaming along spiral arms (σnc):

σ2
tot = σ2

th + σ2
turb + σ2

rot + σ2
nc. (15)

We consider each term in Equation 13. The term on the
left hand side is an observed quantity for each atomic
species (H, N, S) as a function of R′ and z. The first term
on the right hand side follows for each atomic species
given our assumption of a gas temperature of T = 104

K. The third term follows from the rotation curve of the
galaxy, as well as the rotational velocity gradient in z,
given an assumption about the geometry of the eDIG
layer. We cannot robustly quantify the fourth term,
which is due to bulk motions that deviate from our sim-
ple assumptions about the geometry and rotation of the
eDIG layer. Thus, we combine the second and fourth
terms into a single σturb term that is understood to rep-
resent an upper limit on the turbulent velocity dispersion
of the gas. We assume that the turbulent motions in the
gas are isotropic such that σturb,y = σturb,z. This is the
quantity that we desire to measure. The observed σtot
values are given in the online table.
We measure an emission line width for all fibers with

eDIG detections in pointings p1 and p2. Although ide-
ally we would only measure line widths for fibers that fall
strictly along the minor axis, the difficulty of precisely
aligning the fiber array with the true rotation axis neces-
sitates the use of all fibers in the minor axis pointings.
For each fiber, we select all emission lines that are de-
tected at the 4σ level or greater ([NII] λ6548 is excluded
due to its weak intensity). The line widths and uncer-
tainties are determined by fitting a Gaussian to the line
profile using the IDL function mpfitfun as described in
§3.3. These line widths are then corrected for instrumen-
tal and thermal broadening, and a single, non-thermal
line width is determined by taking a median of the indi-
vidual line widths.
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Figure 3.7 Hα line widths, σHα, as a function of z on the minor axis (s1), where
contributions from rotational velocity are minimized. The spectral resolution is indicated
by the dashed black line, and the median and median absolute deviation from s2 (z = −3.5
kpc) are shown by the star and accompanying error bar. σHα displays an increase with z
within several kpc of the disk, the first clear detection of such a trend in an eDIG layer.
The dotted green line shows the functional form of σ(z) used in §3.4.

velocity dispersion of the eDIG layer. Here, “turbulence” refers to any random gas

motions, including the cloud-cloud velocity dispersion. We discuss possible origins for

the z-dependence of σHα in §3.5.

3.4 A Dynamical Equilibrium Model

We now ask whether the eDIG layer in NGC 5775 is well-represented by a dynamical

equilibrium model - that is, whether the thermal, turbulent, magnetic field, and cosmic-

ray pressure gradients are sufficient to satisfy the equation of hydrostatic equilibrium. (We
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6.2 Total magnetic field strength distribution
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Figure 6.5: Maps of the total magnetic field strength in NGC 891 (panel a)) and NGC 4565 (panel
b)), computed assuming energy equipartition and an oblate spheroid geometry (see text). The field
strength was not calculated in regions where the spectral index is steeper than �1.2. The angular
resolution in both panels is 1200.

between 1.5 and 6 GHz (all short-spacing corrected). The field strength was not calculated in
regions where the spectral index is steeper than �1.2. We assumed a constant number-density
ratio of CR protons to CR electrons of K0 = 100, which is reasonable for the disk but yields only
a lower limit for Beq in the halo, as the protons are much less a↵ected by synchrotron losses than
the electrons, and hence K0 is expected to increase in vertical (z-) direction. For a non-thermal
spectral index of -1, the uncertainty in Beq scales as (K/K0) 1

4 (see Beck & Krause 2005), so
that e.g. for a local ratio of K = 300 the field strength would be underestimated by ⇡ 32%. To
determine Beq, also the pathlength through the galaxies along the line of sight has to be known,
which we estimated for each map coordinate by assuming an oblate spheroidal geometry for each
galaxy. The pathlength through an oblate spheroid with semi-major axis length R and semi-minor
axis length H depends is l = 2R

p
1 � (x2/R2) � (z2/H2), where x and z are the distances from

the centre on the major and minor axis, respectively. This is strictly valid only for an inclination
of 90�, but still serves as a reasonable approximation for nearly edge-on galaxies like NGC 4565
(i = 86.3�). R and H were determined for each galaxy from the 3� levels in the L-band D-array
map, with H being chosen as the average between the maximum vertical extent and the minimum
extent above the central region. We obtained R = 14.1 kpc and H = 7.1 kpc for NGC 891, and
R = 22.1 kpc and H = 5.8 kpc for NGC 4565.

The resulting maps of the (line-of-sight averaged) total magnetic field strength are presented
in Fig. 6.5. Except for a few edge artifacts in the map of NGC 891 caused by low S/N and
the region where we had subtracted the nucleus of NGC 4565, Beq decreases monotonically
with vertical distance from the mid-plane. The maximum magnetic field strength (averaged
within the 1200 beam) is 15 µG in NGC 891 and 7 µG in NGC 4565. Averaged over the regions in
which we determined vertical scale heights (see Fig. 6.1 a) and c)), we obtain field strengths of
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field and cosmic-ray energy densities.

First, we consider the case where energy equipartition holds in the halo of NGC

891. There is evidence from polarization studies of NGC 891 and other edge-on galaxies

for a magnetic field morphology that is largely parallel to the midplane in the disk and

increasingly perpendicular (“X-shaped”) in the halo (e.g., Krause 2009). We assume a

magnetic field with a simple, plane-parallel geometry of the form

B(z) = B0e
−|z|/hz,B , (2.16)

where B0 is the magnetic field strength in the disk and hz,B is the magnetic field scale

height. From the assumption of energy equipartition (Ucr = UB), as well as that

Pcr = 0.45Ucr = 0.45UB (Ferrière 2001), we find

PB + Pcr = UB + 0.45UB = 1.45
B(z)2

8π
, (2.17)

PB + Pcr =
1.45

8π
B2

0e
−2|z|/hz,B . (2.18)

Schmidt (2016) finds a magnetic field strength in the disk of B0 ∼ 10 µG and an average

nonthermal halo synchrotron scale height of hz,syn = 1.3 kpc at both 1.5 and 6 GHz

averaged over the range of galactocentric radii considered for the eDIG layer. This is

broadly consistent with past measurements; Dumke & Krause (1998) find hz,syn = 1.8

kpc excluding the inner part of the galaxy at 4.85 GHz. Schmidt (2016) shows that the

synchrotron scale height flares near the edges of the eDIG layer, but we exclude these

larger scale heights from our average because they are found in radial bins centered at

R′ > Rmax. The assumption of energy equipartition allows the magnetic field scale height

to be estimated from the synchrotron scale height by hz,B = hz,syn(3 − α). Therefore, for

a spectral index α = −1, we find hz,B = 4hz,syn = 5.1 kpc.

We now assess whether the available thermal, turbulent, magnetic field, and cosmic-

ray pressure can support the eDIG layer at its observed scale height. For each of these
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Fig. 9.— We compare the observed velocity dipersion with that
required to support the eDIG layer via a gas pressure gradient
alone. The blue solid curve shows the required velocity dispersion
as a function of galactocentric radius determined by solving Equa-
tion 1. The green dashed line indicates the observed total (thermal
and turbulent) velocity dispersion, σ = 27 km s−1, also a function
of galactocentric radius. Overplotted are the observed total (ther-
mal and nonthermal) line widths for each spectrum in the minor
axis pointings determined as in Figure 8. These points are plot-
ted as a function of projected radius, illustrating that a dynamical
equilibrium model is viable only if the gas is found at much larger
galactocentric radius than projected radius.

and modeled synchrotron intensities and spectral indices
as a function of height above the disk. We then solve
for the cosmic ray pressure as a function of height by
requiring that the synchrotron emissivity remain consis-
tent as a function of z between the equipartition and non-
equipartition cases (i.e., that the product of the magnetic
field and cosmic ray energy densities are consistent be-
tween the models). Performing the same analysis as for
the equipartition case, we again find that the dynami-
cal equilibrium model is satisfied at R ≥ 6 kpc, though
this model relies even more heavily on the magnetic field
pressure gradient to achieve dynamical equilibrium.

5.4. Stability of a Magnetized eDIG Layer

Amagnetized plasma layer is subject to the well-known
Parker instability (Parker 1966), and we assess the stabil-
ity of our dynamical equilibrium model here. The stabil-
ity criterion for a horizontally magnetized plasma layer
modified to include cosmic rays is given by:

−dρ

dz
>

ρ2g

γgPg + γcrPcr
, (19)

where γg and γcr refer to the adiabatic index of the
thermal gas and the cosmic rays, respectively (Newcomb
1961; Parker 1966; Zweibel & Kulsrud 1975). We eval-
uate whether the γg value required for stability is rea-
sonable for two choices of γcr. Although Zweibel & Kul-
srud (1975) argue that values as large as γg = 5/3 − 2
are appropriate for the turbulent, star-forming ISM, we
choose the more conservative value of γg ≤ 1 for the
eDIG (Parker 1966). If the cosmic rays are coupled to
the system via scattering (γcr = 1.45 for our choice of
Pcr = 0.45Ucr; Zweibel 2013), they contribute to stabi-
lizing the layer. The minimum γg required for stability
is shown for this case as the dashed curves in Figure 11
for a range of galactocentric radii. If instead the cosmic

Fig. 10.— The vertical pressure gradients dP/dz are shown for
each of the sources of vertical support considered in this paper:
thermal (T = 104 K) and turbulent motions (σturb = 25 km s−1),
as well as magnetic field and cosmic ray pressure infered from ra-
dio continuum observations from the CHANG-ES survey (Schmidt
et al., in preparation). The sum of these pressure gradients is
compared to the required gradient for dynamical equilibrium de-
termined by solving the hydrostatic equilibrium equation (i.e., the
product of the gas density and the gravitational acceleration). The
thick disk electron density distribution determined from the two-
component model in §5.1 is used here, and the result is shown at
a galactocentric radius of R = 6 kpc. The dynamical equilibrium
model is satisfied at R ≥ 6 kpc (i.e. |dP/dz| ≥ |dP/dz|eq). The
top panel considers the case of energy equipartition between the
magnetic field and the cosmic rays, and the bottom uses a mag-
netic field scale height determined by Schmidt et al. from solving
the cosmic ray diffusion equation.

rays are not coupled to the system and instead simply
diffuse along field lines (γcr = 0), then they have the ef-
fect of destabilizing the layer. The minimum γg required
for stability is again shown as the solid curves in Figure
11. The stability criterion is only satisfied if γcr = 1.45,
and even then only at R ≥ 6 kpc. Thus, our dynam-
ical equilibrium model is only stable if the cosmic rays
are well-coupled to the system, and the gas is found in a
ring between 6 ≤ R ≤ 8 kpc. Our choice of a plane paral-
lel magnetic field geometry is an over-simplification, but
has the advantage that the stability analysis is exactly
solvable. Asseo et al. (1978, 1980) show similar results
for more complicated, curved configurations.

6. DISCUSSION

Newcomb 1961; Parker 1966; Zweibel & Kulsrud 1975 
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Fig. 5.— The line widths of the broad components (blue) greatly
exceed those of the narrow components (pink), suggesting that
the former originates from a thicker gaseous disk. The median
values of σ and I(Hα) for the broad (σ = 96 km s−1), narrow
(σ = 20 km s−1), and single (σ = 26 km s−1) components are
shown with the blue, pink, and yellow stars, respectively. The
brightest, broadest narrow components at I(Hα) ≥ 103 R originate
in the nucleus. The individual single-component spectra are not
shown for visual clarity. The line widths are corrected for the
instrumental resolution, and the surface brightness is corrected for
the inclination of the galaxy.

or other local bulk motions characteristic of a galactic
fountain flow.
One may ask whether the velocity profile of the broad

component can be explained by a series of local bulk flows
alone. However, this requires a preferential blueshifting
and redshifting of the gas on the receding and approach-
ing sides of the galaxy, respectively. Lacking a physical
basis for this bias, the velocity profile is likely due to a
lagging halo punctuated by local bulk flows. In general,
the large velocity dispersion, rotational velocity lag, and
local inflow and outflow are consistent with the broad
emission arising from an eDIG layer.

4.3. Proximity of eDIG Detection to Star-Formation
Activity

Here, we evaluate the proximity of eDIG detection to
star-formation activity in the disk. In doing so, we ask
where the broad component truly arises from eDIG emis-
sion, and where it is due to pDIG emission associated
with star-forming spiral arms.
We consider an observation to be from a star-forming

region if the narrow I(Hα) is at least three times higher
than the minimum observed I(Hα) ∼ 10 R. In Figure
7, we shade the galactocentric radii that meet this cri-
terion. In the top panels, we show the broad I(Hα) as
a function of R. It is clear that the faintest emission
is detected away from star-forming regions. I(Hα) in-
creases by several orders of magnitude in the starburst
nucleus, and by factors that range from a few to an order
of magnitude near star formation at larger R. This is a
consequence of the n2

e dependence of the Hα intensity;
if a bright, planar component of the DIG exists along
the line of sight, it will dominate the broad emission-line
profile and compromise our ability to detect a fainter,
extraplanar component along the same line of the sight.
In the bottom panels, we show the broad

[NII]λ6583/Hα as a function of R. The highest

Fig. 6.— For slits 1 (top) and 2 (bottom), the heliocentric radial
velocities are shown for the narrow (pink), broad (blue and green),
and single-component (yellow) spectra as functions of galactocen-
tric radius. Broad emission with [NII]λ6583/Hα < 1.5 and with
[NII]λ6583/Hα > 1.5 are shown in blue and green, respectively.
Our best-fit rotation curve for M83 is shown by the dotted lines
(see Appendix B), and the systemic velocity, vsys = 513 km s−1,
is indicated by the dashed lines. The shaded radii indicate regions
of star-formation activity (see §4.3). In general, the broad com-
ponent tends toward systemic velocity, suggesting an extraplanar
gas layer with decreasing rotational velocity as a function of height
above the disk. There is also evidence of local bulk flows; for exam-
ple, in slit 1, a bulk blueshifting of the gas is seen near the nucleus
(−1 kpc < R < 0 kpc) and near R = 3 kpc.

values of [NII]λ6583/Hα that are indicative of the most
diffuse gas are found between areas of star-formation
activity. This again suggests that the broad component
is dominated by pDIG emission near areas of star
formation, and by eDIG emission elsewhere.
To confirm an eDIG detection, we must also consider

the gas kinematics. In Figure 6, we shade the star-
forming regions on the position-velocity diagrams, and
we distinguish between broad emission in two emission-
line ratio regimes. The most diffuse, broad emission with
[NII]λ6583/Hα > 1.5 is shown in green, and the rest of
the broad emission is shown in blue. In general, the most
diffuse emission tends toward systemic velocity, consis-
tent with a warm, ionized component of a lagging halo.
The less diffuse emission shows a range of kinematics;
in some places, it is consistent with the velocity of the
disk, while in others it tends toward systemic velocity or
appears to be locally inflowing or outflowing.
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brightest, broadest narrow components at I(Hα) ≥ 103 R originate
in the nucleus. The individual single-component spectra are not
shown for visual clarity. The line widths are corrected for the
instrumental resolution, and the surface brightness is corrected for
the inclination of the galaxy.

or other local bulk motions characteristic of a galactic
fountain flow.
One may ask whether the velocity profile of the broad

component can be explained by a series of local bulk flows
alone. However, this requires a preferential blueshifting
and redshifting of the gas on the receding and approach-
ing sides of the galaxy, respectively. Lacking a physical
basis for this bias, the velocity profile is likely due to a
lagging halo punctuated by local bulk flows. In general,
the large velocity dispersion, rotational velocity lag, and
local inflow and outflow are consistent with the broad
emission arising from an eDIG layer.

4.3. Proximity of eDIG Detection to Star-Formation
Activity

Here, we evaluate the proximity of eDIG detection to
star-formation activity in the disk. In doing so, we ask
where the broad component truly arises from eDIG emis-
sion, and where it is due to pDIG emission associated
with star-forming spiral arms.
We consider an observation to be from a star-forming

region if the narrow I(Hα) is at least three times higher
than the minimum observed I(Hα) ∼ 10 R. In Figure
7, we shade the galactocentric radii that meet this cri-
terion. In the top panels, we show the broad I(Hα) as
a function of R. It is clear that the faintest emission
is detected away from star-forming regions. I(Hα) in-
creases by several orders of magnitude in the starburst
nucleus, and by factors that range from a few to an order
of magnitude near star formation at larger R. This is a
consequence of the n2

e dependence of the Hα intensity;
if a bright, planar component of the DIG exists along
the line of sight, it will dominate the broad emission-line
profile and compromise our ability to detect a fainter,
extraplanar component along the same line of the sight.
In the bottom panels, we show the broad

[NII]λ6583/Hα as a function of R. The highest

Fig. 6.— For slits 1 (top) and 2 (bottom), the heliocentric radial
velocities are shown for the narrow (pink), broad (blue and green),
and single-component (yellow) spectra as functions of galactocen-
tric radius. Broad emission with [NII]λ6583/Hα < 1.5 and with
[NII]λ6583/Hα > 1.5 are shown in blue and green, respectively.
Our best-fit rotation curve for M83 is shown by the dotted lines
(see Appendix B), and the systemic velocity, vsys = 513 km s−1,
is indicated by the dashed lines. The shaded radii indicate regions
of star-formation activity (see §4.3). In general, the broad com-
ponent tends toward systemic velocity, suggesting an extraplanar
gas layer with decreasing rotational velocity as a function of height
above the disk. There is also evidence of local bulk flows; for exam-
ple, in slit 1, a bulk blueshifting of the gas is seen near the nucleus
(−1 kpc < R < 0 kpc) and near R = 3 kpc.

values of [NII]λ6583/Hα that are indicative of the most
diffuse gas are found between areas of star-formation
activity. This again suggests that the broad component
is dominated by pDIG emission near areas of star
formation, and by eDIG emission elsewhere.
To confirm an eDIG detection, we must also consider

the gas kinematics. In Figure 6, we shade the star-
forming regions on the position-velocity diagrams, and
we distinguish between broad emission in two emission-
line ratio regimes. The most diffuse, broad emission with
[NII]λ6583/Hα > 1.5 is shown in green, and the rest of
the broad emission is shown in blue. In general, the most
diffuse emission tends toward systemic velocity, consis-
tent with a warm, ionized component of a lagging halo.
The less diffuse emission shows a range of kinematics;
in some places, it is consistent with the velocity of the
disk, while in others it tends toward systemic velocity or
appears to be locally inflowing or outflowing.
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Fig. 5.— The line widths of the broad components (blue) greatly
exceed those of the narrow components (pink), suggesting that
the former originates from a thicker gaseous disk. The median
values of σ and I(Hα) for the broad (σ = 96 km s−1), narrow
(σ = 20 km s−1), and single (σ = 26 km s−1) components are
shown with the blue, pink, and yellow stars, respectively. The
brightest, broadest narrow components at I(Hα) ≥ 103 R originate
in the nucleus. The individual single-component spectra are not
shown for visual clarity. The line widths are corrected for the
instrumental resolution, and the surface brightness is corrected for
the inclination of the galaxy.

or other local bulk motions characteristic of a galactic
fountain flow.
One may ask whether the velocity profile of the broad

component can be explained by a series of local bulk flows
alone. However, this requires a preferential blueshifting
and redshifting of the gas on the receding and approach-
ing sides of the galaxy, respectively. Lacking a physical
basis for this bias, the velocity profile is likely due to a
lagging halo punctuated by local bulk flows. In general,
the large velocity dispersion, rotational velocity lag, and
local inflow and outflow are consistent with the broad
emission arising from an eDIG layer.

4.3. Proximity of eDIG Detection to Star-Formation
Activity

Here, we evaluate the proximity of eDIG detection to
star-formation activity in the disk. In doing so, we ask
where the broad component truly arises from eDIG emis-
sion, and where it is due to pDIG emission associated
with star-forming spiral arms.
We consider an observation to be from a star-forming

region if the narrow I(Hα) is at least three times higher
than the minimum observed I(Hα) ∼ 10 R. In Figure
7, we shade the galactocentric radii that meet this cri-
terion. In the top panels, we show the broad I(Hα) as
a function of R. It is clear that the faintest emission
is detected away from star-forming regions. I(Hα) in-
creases by several orders of magnitude in the starburst
nucleus, and by factors that range from a few to an order
of magnitude near star formation at larger R. This is a
consequence of the n2

e dependence of the Hα intensity;
if a bright, planar component of the DIG exists along
the line of sight, it will dominate the broad emission-line
profile and compromise our ability to detect a fainter,
extraplanar component along the same line of the sight.
In the bottom panels, we show the broad
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Fig. 6.— For slits 1 (top) and 2 (bottom), the heliocentric radial
velocities are shown for the narrow (pink), broad (blue and green),
and single-component (yellow) spectra as functions of galactocen-
tric radius. Broad emission with [NII]λ6583/Hα < 1.5 and with
[NII]λ6583/Hα > 1.5 are shown in blue and green, respectively.
Our best-fit rotation curve for M83 is shown by the dotted lines
(see Appendix B), and the systemic velocity, vsys = 513 km s−1,
is indicated by the dashed lines. The shaded radii indicate regions
of star-formation activity (see §4.3). In general, the broad com-
ponent tends toward systemic velocity, suggesting an extraplanar
gas layer with decreasing rotational velocity as a function of height
above the disk. There is also evidence of local bulk flows; for exam-
ple, in slit 1, a bulk blueshifting of the gas is seen near the nucleus
(−1 kpc < R < 0 kpc) and near R = 3 kpc.

values of [NII]λ6583/Hα that are indicative of the most
diffuse gas are found between areas of star-formation
activity. This again suggests that the broad component
is dominated by pDIG emission near areas of star
formation, and by eDIG emission elsewhere.
To confirm an eDIG detection, we must also consider

the gas kinematics. In Figure 6, we shade the star-
forming regions on the position-velocity diagrams, and
we distinguish between broad emission in two emission-
line ratio regimes. The most diffuse, broad emission with
[NII]λ6583/Hα > 1.5 is shown in green, and the rest of
the broad emission is shown in blue. In general, the most
diffuse emission tends toward systemic velocity, consis-
tent with a warm, ionized component of a lagging halo.
The less diffuse emission shows a range of kinematics;
in some places, it is consistent with the velocity of the
disk, while in others it tends toward systemic velocity or
appears to be locally inflowing or outflowing.
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Fig. 5.— The line widths of the broad components (blue) greatly
exceed those of the narrow components (pink), suggesting that
the former originates from a thicker gaseous disk. The median
values of σ and I(Hα) for the broad (σ = 96 km s−1), narrow
(σ = 20 km s−1), and single (σ = 26 km s−1) components are
shown with the blue, pink, and yellow stars, respectively. The
brightest, broadest narrow components at I(Hα) ≥ 103 R originate
in the nucleus. The individual single-component spectra are not
shown for visual clarity. The line widths are corrected for the
instrumental resolution, and the surface brightness is corrected for
the inclination of the galaxy.

or other local bulk motions characteristic of a galactic
fountain flow.
One may ask whether the velocity profile of the broad

component can be explained by a series of local bulk flows
alone. However, this requires a preferential blueshifting
and redshifting of the gas on the receding and approach-
ing sides of the galaxy, respectively. Lacking a physical
basis for this bias, the velocity profile is likely due to a
lagging halo punctuated by local bulk flows. In general,
the large velocity dispersion, rotational velocity lag, and
local inflow and outflow are consistent with the broad
emission arising from an eDIG layer.

4.3. Proximity of eDIG Detection to Star-Formation
Activity

Here, we evaluate the proximity of eDIG detection to
star-formation activity in the disk. In doing so, we ask
where the broad component truly arises from eDIG emis-
sion, and where it is due to pDIG emission associated
with star-forming spiral arms.
We consider an observation to be from a star-forming

region if the narrow I(Hα) is at least three times higher
than the minimum observed I(Hα) ∼ 10 R. In Figure
7, we shade the galactocentric radii that meet this cri-
terion. In the top panels, we show the broad I(Hα) as
a function of R. It is clear that the faintest emission
is detected away from star-forming regions. I(Hα) in-
creases by several orders of magnitude in the starburst
nucleus, and by factors that range from a few to an order
of magnitude near star formation at larger R. This is a
consequence of the n2

e dependence of the Hα intensity;
if a bright, planar component of the DIG exists along
the line of sight, it will dominate the broad emission-line
profile and compromise our ability to detect a fainter,
extraplanar component along the same line of the sight.
In the bottom panels, we show the broad

[NII]λ6583/Hα as a function of R. The highest

Fig. 6.— For slits 1 (top) and 2 (bottom), the heliocentric radial
velocities are shown for the narrow (pink), broad (blue and green),
and single-component (yellow) spectra as functions of galactocen-
tric radius. Broad emission with [NII]λ6583/Hα < 1.5 and with
[NII]λ6583/Hα > 1.5 are shown in blue and green, respectively.
Our best-fit rotation curve for M83 is shown by the dotted lines
(see Appendix B), and the systemic velocity, vsys = 513 km s−1,
is indicated by the dashed lines. The shaded radii indicate regions
of star-formation activity (see §4.3). In general, the broad com-
ponent tends toward systemic velocity, suggesting an extraplanar
gas layer with decreasing rotational velocity as a function of height
above the disk. There is also evidence of local bulk flows; for exam-
ple, in slit 1, a bulk blueshifting of the gas is seen near the nucleus
(−1 kpc < R < 0 kpc) and near R = 3 kpc.

values of [NII]λ6583/Hα that are indicative of the most
diffuse gas are found between areas of star-formation
activity. This again suggests that the broad component
is dominated by pDIG emission near areas of star
formation, and by eDIG emission elsewhere.
To confirm an eDIG detection, we must also consider

the gas kinematics. In Figure 6, we shade the star-
forming regions on the position-velocity diagrams, and
we distinguish between broad emission in two emission-
line ratio regimes. The most diffuse, broad emission with
[NII]λ6583/Hα > 1.5 is shown in green, and the rest of
the broad emission is shown in blue. In general, the most
diffuse emission tends toward systemic velocity, consis-
tent with a warm, ionized component of a lagging halo.
The less diffuse emission shows a range of kinematics;
in some places, it is consistent with the velocity of the
disk, while in others it tends toward systemic velocity or
appears to be locally inflowing or outflowing.
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Figure 1.1 Schematic of possible origins and dynamical states of eDIG layers considered
in this thesis.

1.2 Extraplanar Diffuse Ionized Gas Layers

1.2.1 The Milky Way Galaxy

Observed absorption in Galactic synchrotron emission led Hoyle & Ellis (1963) to

hypothesize that the Galactic disk is surrounded by a layer of warm, ionized gas. The

presence of an eDIG layer in the Milky Way was later confirmed through the dispersion

of pulsar signals (e.g., Hewish et al. 1968) and direct detection of optical emission from

recombination and forbidden line transitions (Reynolds 1971; Reynolds et al. 1973). Known

as the Reynolds layer, the extraplanar warm ionized medium (WIM) has been studied

extensively by the Wisconsin Hα Mapper Sky Survey (WHAM-SS) (Haffner et al. 2003,
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•  Project #1: Application of MCMC method to low-inclination 
galaxies w/ range of SFR 
•  How do σ, evidence for bulk flows scale with SF activity (local/global)? 
•  Data for pilot study obtained with SALT-RSS (4 galaxies) 

 

•  Project #2: Implications of multi-phase nature of disk-halo interfaces 
•  Consequences of including warm neutral + hot ionized phases in 

dynamical equilibrium models?  
 

•  Project #3: Collaboration to study disk-halo kinematics, chemical 
abundances in the Milky Way 
•  Combine HI4PI, WHAM-SS, STIS/COS observations of Perseus (PI: Howk), 

Scutum-Centaurus Arms (PI: Benjamin) to study vertical structure/support 
 

•  Project #4: International collaboration to study gas kinematics, 
including DIG, in early-type galaxies (Aalto, Gallagher et al.) 
•  Characterize spatial extent, properties, kinematics of DIG in S0 galaxies, 

incl. NGC 1377 
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