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All pulsars showed “dispersion”



Pulsar Dispersion Sweep

Discovery of FRB 
Lorimer et al. 2007



Enter the optical astronomers 
Fabry-Perot imaging in H-alpha & nebular lines 



Wisconsin H-alpha Mapper (WHAM)

• Fabry-Perot Imager
• Beam: 1 degree diameter
• 1-sigma: 0.1 Rayleigh
• Work horses: H!, [NII], [SII]
• Other optical lines: 
• [OI], [NI], [OII], [OIII]
• [NeIII], [SIII], [ArIII]
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The Galaxy in H-alpha (WHAM)



Our nearest dwarf galaxies



HII regions and Diffuse Ionized gas in LMC



Messier 101



WIM in other galaxies

Richard Rand (PhD thesis, Caltech)





Probing via “nebular” lines
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An aside: Night sky



The spectrum of the Aurora



WIM lines are faint, compete with auroral 
emission

WHAM Halpha data (Left): 
Includes geocoronal Halpha
emission (marked with symbol 
for Earth. (Right): geocoronal 
emission removed

Reynolds, R. J. ASP Conf # 168,
p149 (1999)

Rayleigh: Unit for intensity. Defined to be 106 phot/cm2/second/steradian



Mauna Kea night sky 

Color Equivalent
(lambda, um)

Brightness
[mag/(")2]

Flux
[phot./cm2/s/
microns/(")2]

U
B
V
R
I
J
H
K

0.36
0.44
0.55
0.64
0.79
1.23
1.66
2.22

21.6
22.3
21.1
20.3
19.2
14.8
13.4
12.6

1.74x10e-2
1.76x10e-2
3.62x10e-2
5.50x10e-2
1.02x10e-1

2.49
4.20
3.98

Average sky brightness at zenith during dark time is given in the table below.

http://www.cfht.hawaii.edu/Instruments/ObservatoryManual/
CFHT_ObservatoryManual_%28Sec_2%29.html

Night sky brightness in U increases by a factor of 5 at 
quarter moon and 65 at full moon. Corresponding values 
in V are 1.3 at quarter and 5 at full moon. These rough 
estimates are of are, of course, for clear (cirrus-free) 
nights.





Probing Diffuse Ionized Gas

• Free-free absorption & emission (low frequency)
• Pulsar dispersion measure
• Rotation measure of polarized sources (including Galactic synch)
• Recombination radiation (primarily H-alpha)
• Collisionally excited lines [NII], [SII], weak lines of [OI], [NI], [OIII]
• Radio Recombination Lines (Rydberg atoms)
• 2 Photon continuum (near UV)
• resonance lines in absorption (UV)
• Mid-IR fine structure lines



A renaissance in WIM studies: 
JWST & ground-based IFU 
program



Collecting area:
25.4 m2
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4 Kulkarni, Beichman & Ressler

Unless otherwise mentioned, all basic formulae, collisional and recombination coe�cients are from

Draine (2011) and the atomic data (A-coe�cients, wavelengths) are from NIST1.

2. THE MID-IR FINE STRUCTURE LINES

The following elements2 have an abundance, in decreasing order, relative to hydrogen by number,

of greater than 1 part per million (ppm): O, C, N, Ne, Mg, Si, S, Al, Ar, Ca and Na. The elements

displayed in italics will be strongly ionized by the strong Galactic Far Ultraviolet (FUV; � > 912 Å)

field. In the WIM the ionization fraction of hydrogen is estimated to be ⇡ 90% while that for helium

is . 30%. The ideal ions for diagnostics of the incident EUV radiation field are those whose ionization

potential is below that of helium but above that of hydrogen.

Table 1. Ionization Potential

X YX (ppm) I!II II!III III!IV

Ne 93.3 21.6 41.0 63.4

S 14.5 10.4 23.3 34.8

Ar 2.75 15.8 27.6 40.7

N 74.1 14.5 29.6 47.4

Note—X is element and YX is the abun-

dance by number, relative to hydrogen in

units of parts per million (ppm). Subse-

quent columns are ionization potential in

eV. Nitrogen is included as a point of com-

parison to argon. For reference, the ioniza-

tion potential of helium is 24.587 eV. Data

from Draine (2011).

1 https://www.nist.gov/pml/atomic-spectra-database
2 We exclude iron since it is heavily depleted within the WIM.
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Wisconsin H-alpha Mapper (WHAM)
Warm Ionized Medium 19

(§6.2) the new IFUs on large ground-based optical telescopes will make it possible to measure not

only H↵ but also the full suite of optical nebular lines.

Figure 9. WHAM H↵ wide image, in Galactic coordinates, of the sky centered on HD163466 (located at

l = 89�.24, b = 30�.56). The color scale of the emission measure, EM, is show by horizontal thermometer.

The bright emission region at l ⇡ 95� and b ⇡ 30� is NGC6543. Figure provided by M. Ha↵ner.

6. CONCLUSIONS

ç in emission measure units

oNGC6543

WHAM beam is 1-degree across!

Galactic latitude in degrees è
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[NeII]
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[SIII]
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Keck Cosmic Imager

PI: D. C. Martin
Morrisey et al. (2018)

FoV=20 x 8 arcsec2
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Projects

• Any hour-long observation of MIRI-MRS is “grist for the WIM mill”
• “commensal” observations

• Combine this with Keck/KCI observations of the same field 
• nebular lines yield EM and T
• a long-lived cottage industry

• NEW: study of WIM on arcsecond scales
• WIM studies to date have been on tens of arcminutes scale
• tiny nebulae have not been studied (e.g., faint ionized nebulae of A stars in 

the CNM or white dwarfs in the WNM)
• filling factor of WNM!
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Warm Ionized Medium: Summary



The Warm Ionized Medium (WIM)

• WIM hosts 90% of the ionized gas in the Milky Way
• HII regions are bright but total up to 10% of the ionized gas

• WIM is pervasive
• filling factor of 0.25 in the Galactic disk & lower halo

• WIM is responsible for
• dispersion of pulsar signals and Faraday rotation
• free absorption & emission
• diffuse H! emission all over the sky

• WIM is turbulent
• revealed via interstellar scattering & scintillation
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Low Frequency Radio Astronomy



The Very Low Frequency Sky



LOFAR (Netherlands)



MWA, Australia



Long Wavelength Array (LWA), California


