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The Warm Ionized Medium

• First revealed by low frequency 

observations from Tasmania

• Ubiquitous dispersion of pulsar 

signals

• wide-spread H-alpha line 

emission

• Scale height of 1 kpc (or more)

• T ≈ 8000 K, n=0.2 cm-3, xe=90%
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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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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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Lines: Nebular & Fine Structure 
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Fine structure lines with JWST
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Collecting area:
25.4 m2

22 9



JWST Background model
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Reflected light (zodi)

Heated zodi emission



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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consists of the two lines of staggered slitlets relayed from those
seen in Figure 4. A slotted mask at the position of the IFU out-
put slits defines the field of view along the individual slices,
while in the spectral direction the slots are oversized to ensure
they do not vignette the image, but still act as baffles to reduce
scattered light between the slices.

The numbers of detector columns covered by the four IFUs
are approximately 476, 464, 485, and 434 for channels 1–4, re-
spectively. The size of the gap between individual slits for chan-
nel 1 is set to be approximately equal to the diameter of the first
dark diffraction ring in the telescope PSF (about 4 pixels). For
channels 2–4 the size of the gap is slightly greater than the di-
ameter of the first dark ring.

2.4. The Spectrometer Main Optics (SMO)

The SMO (whose layout is shown in Fig. 8) comprises four
grating spectrometers in two arms. The development and test of
these spectrometers are described by Kroes et al. (2005) and
Kroes et al. (2010). Each of them performs three functions: col-
limation of the telecentric output beams of one of the four IFUs,
dispersion of the collimated beam, and imaging of the resulting
spectrum onto one half of one of the two focal plane arrays. One

of the two spectrometer arms includes the two short wavelength
channels (1 and 2), and the other the long wavelength channels
(3 and 4).

We will now step through the optical path from the IFUs to
the detectors. The IFU output beam for each channel is colli-
mated and its light directed toward the corresponding diffraction
gratings as shown in Figure 9. Each spectrometer arm uses six
gratings (two wavelength channels, three sub-band exposures).
Figure 8 then shows the optical paths from the gratings to
the detectors. The dispersed beams are imaged by three-mirror-
anastigmat (TMA) camera systems (M1–M2–M3). In each
spectrometer arm the channels have separate, but identical, M1
camera mirrors that provide intermediate images of the spectra
between M1 and M2. Folding flats at these intermediate focus
positions reflect the Channel 1 and Channel 4 beams such that
the combined (Ch. 1þ 2) and (Ch. 3þ 4) beam pairs are im-
aged onto opposite halves of the detectors by common M2 and
M3 mirrors. The symmetry through the center plane of the cam-
era optics and the positioning of the optics allow for an opto-
mechanical design of two mirror-imaged boxes, with identical
optics and almost identical structures. The combination of sym-
metry and an all aluminum design (optics as well as structures)
allowed the very strict alignment and stability requirements to

FIG. 8.—SMO cross section of the camera symmetry plane in the spatial direction. Light arrives at the gratings (G1A, G2A, G3A, G4A) from the IFU output colli-
mating mirrors. See the electronic edition of the PASP for a color version of this figure.

THE MIRI MEDIUM RESOLUTION SPECTROMETER 653

2015 PASP, 127:646–664

MIRI-Medium Resolution Spectrometer (MRS)
(5-29 microns)

Wellls et al. 2015
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Figure 4. (Left). The sky image of the background region in the [NeII] 12.8 µm line. The sky coordinates

are shown in green. A circle with a radius of 300 is shown for scale. (Right). The sky image of HD163466.

The green circles define 10 and 15-pixel radius masks used to reject light from the aperture around the star

HD163466 (see text).

clearly seen in the filtered version (Figure 6). The resulting amplitudes are 3.70± 0.54MJy sr�1 and

1.96±0.62MJy sr�1 which leads to a formal value of 2.83±0.58MJy sr�1. The corresponding surface

brightness in the [SIII] line is 33.3± 6.8R.

Next we consider [SIV]. As can be seen from Figure 7 the sky spectrum of the first epoch exhibits

a pair of bright lines in each of the three bands. These lines are not present in the second epoch.

Furthermore, two of these lines coincide with [ArIII] and [SIV]! We suspect that these three pairs

of lines are an artifact of the calibration process. We drop dataset HDBCK-1 from further analysis.

The spectrum emerging from the analysis of HDBCK-2 is shown in Figure 8. The inferred amplitude

of [SIV] line emission is 1.67± 0.66MJy sr�1 which corresponds to 10.6± 3.6R. No other lines were

detected with any significance. The summary of the detections and non-detections can be found in

Table 4.

4.2. HD163466 dataset

HD166433: Calibrator star

Background field HD16643322 13



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 EM scaled up by 11

oNGC6543

WHAM beam is 1-degree across!

Galactic latitude in degrees è
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[NeII]

22 15



[SIII]
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Conclusions

• From [NeII] emission deduced EM=(8/xNe+) cm-6 pc
• Emission from the WIM (not a tiny HII region etc)

• Ne++/Ne+ < 0.6 (3-sigma)
• Ne+ is the dominant species 

• S+++/Ne+ = 0.13 
• Rapid fall off in ionization with increasing energy 

• Ionization Potential (SII  è SIII, 23.3 eV; NeI è NeII, 21.6 eV) 
• This would suggest that helium is lightly ionized in the WIM, xHe ≈ 0.15 (RRL)
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Assuming 1-hour integration (typical background)



22 19

Shortly will be submitted to PASP



Joint JWST-Keck studies 
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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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