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The UV bands

• Historically, the names of UV bands has been shaped by technology 
(coatings & detectors)
• From an astrophysical perspective we can sensibly define the following 

bands:
• Extreme UV: below 91.2 nm (ionizes H)
• Lyman: 91.2-121.6 nm 

• Lyman lines probe the  most abundant element, hydrogen 
• Photons in this band can dissociate H2 efficiently 

• Far Ultra Violet (FUV): 130-200 nm 
• Primary heat input and ionizing sources for atomic phases (Cold & Warm Neutral Medium)
• Intensity sets the ratio of Warm to Cold Neutral Medium
• Many key resonance lines (especially Li-like lines of O, N, C)
• Special: lowest background in UVOIR

• Near UV (NUV): 200-320 nm (not accessible to ground)
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Nomenclature

• CU (continuum unit): ): photons cm-2 s-1 Å-1 steradian-1

• LU (line unit): photons cm-2 s-1 steradian-1

• Rayleigh: 106 recombination/second along a line-of-sight with a base 
of 1 cm2

• For isotropic radiation

I=106/(4!) photon cm2 s-1 steradian-1 ≈79,577 LU
• Incidentally, darkest optical sky for ground-based optical telescopes
• about 1 Rayleigh/Angstrom in R-band
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• Paper on astroph:
• arXiv:2107.09585

• Thanks: Education
• Michael Shull (Interstellar Medium)
• Jayant Murthy (FUV Background)
• Edwin J. Mierkiewicz, Embry-Riddle (Aeronomy)
• I. Baliukin, IKI, Russia ( Interplanetary Medium)

• Thanks: Expert Feedback  
• Michael Shull
• Bruce Draine
• Chris McKee
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The Optical-UV night sky
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Canada-France-Hawaii
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Before dawn or after dusk
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HST sky background at optical & NUV bands 

60 7



Sky is dark in the FUV (because  Sun is dim)

The band below 2000 Angstroms  is very dark
(O’Connell 1987)
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The FUV Background: Three 
sources
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• Source I: Extragalactic 
Background Light (EBL)
• Integrated light from other galaxies
• QSOs
• IGM
• leading to a total of about 114 CU

• Source II: Diffuse Galactic Light 
(DGL)
• Primarily reflection of stellar UV by 

dust particles
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Source III: “isotropic/offset” component 

• A source which does not correlate with Galactic dust – ”offset” 
radiation

• Akshaya et al. state ”There is an excess emission (over the DGL and the EBL) of 
120-180 CU in the FUV and 300-400 CU in the NUV. … Although we do not 
know its origin, we can confirm that the excess emission cannot be accounted 
for by current models of DGL and EBL” 

• Similar conclusions by Hamden & Schiminowich (2013)
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This Talk: Explore conventional sources for the 
origin of “offset” FUV component
• Hot Ionized Medium (HIM)
• Collisionally excited lines 

• Warm Ionized Medium
• Two-photon recombination radiation (+ H!)

• Low-velocity Shocks
• Collisional excitation of hydrogen
• two-photon recombination (+H!)

• Solar Lyman-" fluorescence by hydrogen within the solar system
• Very Local Interstellar Cloud (“Interplanetary Medium”)
• Earth’s exosphere 
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I. The Hot-ionized medium
(Line emission)
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respectively. These targets have been analyzed in detail in the
papers of Park et al. (2007), Nishikida et al. (2006), and Seon
et al. (2006), respectively (see also, Kim et al. 2012, 2014). The
Vela supernova remnant is prominent in both the C IV and O VI
maps, but the Cygnus loop is bright only in the C IV map
because most of the corresponding region in the O VI map was
excluded from the S-band data cube owing to the low SNR.

Meanwhile, other notable features, such as the Monogem ring
and Orion–Eridanus, can be identi!ed around (!159°, 8°) and
(169°, !40°) in Galactic coordinates, respectively, in the O VI
map; they have also been analyzed in detail in the papers of
Kim et al. (2007) and Kregenow et al. (2006), respectively. In
Figure 4(c), excluding these bright individual objects, the O VI
intensity generally tends to be higher in the northern Galactic

Figure 2. FIMS/SPEAR all-sky spectrum averaged over exposure time for the L-band (top panel) and S-band (bottom panel) channels; the Lyman series lines in the
bottom panel are airglow lines.

Figure 3. Example spectra with emission line !ttings for the L band (top panel) and the S band (bottom panel). The black solid lines with error bars are the observed
spectra, and the red solid lines are the !tted model spectra. The L-band spectra include the Si II* (!1533 Å) and C IV doublet (!!1548, 1551 Å) lines, and the S-band
spectra include the airglow Ly" (!1025 Å) line and the O VI doublet (!!1032,1038 Å) lines. The line intensities in the LU (photons cm!2 sr!1 s!1) shown in red
represent the Si II* and C IV lines in the top panel of the L band, and the O VI line in the bottom panel of the S band. The pixel number at the top of each plot indicates
the identi!cation number in the ring scheme of HEALPix for a resolution parameter of Nside!=!64 with a total number of pixels of Npixel!=!49152.

4

The Astrophysical Journal Supplement Series, 243:9 (16pp), 2019 July Jo et al.

Jo et al. 2019

FIMS aboard Korea’s STSAT-1 mission
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Jo et al. 2019

region than in the southern Galactic region. Savage et al.
(2003) also discovered that the O VI column density is
systematically enhanced in the northern sky relative to the
southern sky. Small targets, which are not properly resolved in
the present maps with rather large smoothing kernels, have also
been analyzed in previous papers (Shinn et al. 2007; Kim et al.
2010a, 2010b). We note that the bright targets mentioned above
are, in general, located close to the Sun. For example, the Vela
and the Cygnus loop supernova remnants are at a distance of
250 pc and 440 pc, respectively. As we are interested in the
global distribution of hot gas on the Galactic scale rather than

individual targets, we !rst performed extinction correction
before further discussing the environment of the transition-
temperature gas as photons of FUV wavelengths suffer strong
attenuation by the interstellar dust grains.

2.3. Extinction Correction of the FUV Emission Maps

For an accurate estimation of the dust extinction of FUV
photons, it is obvious that detailed 3D distributions of the
interstellar dust, as well as the FUV sources, are required.
However, as they are unavailable, we made a simple
assumption that the FUV sources and interstellar dust are

Figure 4. (a) C IV map on a logarithmic scale of LU, (b) FWHM map of the 2D Gaussian kernel for the C IV map, (c) O VI map on a logarithmic scale of LU, and
(d) FWHM map of the 2D Gaussian kernel for the O VI map. The gray areas represent the regions where observations were not made or the SNR was low.

5
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II. Warm Ionized Medium
(Recombination Radiation)
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Warm Ionized Medium (WIM) is pervasive

• All sharp signals in the decimeter 
band show dispersion (e.g. 
pulsars, FRBs)
• Wide-spread H-alpha emission
• ne≈0.3 cm-3, T≈8,000 K
• Filling factor of about 0.25
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Recombination in WIM: Two-photon emission
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Case B recombination from n=4

Two-photon continuum
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two reasons the blue edge of the GALEX FUV band was
set to 1350 Å.

Figure 1. (Left y axis): The photon spectrum of a single
two-photon decay, n� (solid line) as a function of the wave-
length, �. Since each decay leads to emission of two photons,R
n�d� = 2. (Right y axis): E↵ective area of GALEX FUV

and NUV bands as a function of � (dot-dash and dashed
lines). The details of the fitting formula used to generate
the two-photon decay spectrum and e↵ective area of GALEX
can be found in §A.

3. TWO-PHOTON DECAY

As will become clear from discussions below, the two-
photon process is a contributor to the FUV background.
For instance, a low density astrophysical plasma which
is in collisional ionization equilibrium (CIE) and with
su�cient column density to be in “case B”7 and at a
temperature . 50, 000K, cool predominantly via Ly↵,
two-photon continuum and H↵. A Ly↵ photon under-
goes many scatterings, ending its life upon encounter-
ing a dust particle within or close to its birth site (see,
Neufeld 1990; Seon et al. 2021). Two-photon contin-
uum and H↵ freely escape the plasma. In this section
we first summarize the two-photon process and compute
the factor to convert the two-photon decay spectrum to
counting rates of the GALEX bands.
An H atom which finds itself in a 2s level will, if undis-

turbed by a collision, radiatively decay by emitting two
photons over timescale of A�1

2�
⇡ (8.2 s�1)�1; see Fig-

ure 1. The sum of the energies of the two photons is
equal to that of Ly↵ or 10.2 eV. The factors to con-
vert the two-photon spectrum to FUV and NUV count-
ing rates are central to this paper and a full discussion
can be found in §A. The key result is the following: a
columnar rate of 106 decays cm�2 s�1 results in 85.1CU

7 Regions which are thick to Lyman continuum photons are in case
B.

in the FUV channel and 18.4CU in the NUV channel
(Table 3).
We conclude this small section by noting two compli-

cations. First, the Sun is also a source of H↵ photons.
So, solar H↵ photons could pump an H atom which is
already in the 2s level to a 3p level (Bishop et al. 2001).
This twist is addressed in §6.1. Next, there is little en-
ergy di↵erence between the 2s and 2p levels. So colli-
sions can shift an H atom in the 2s state to a 2p state
following which the atom promptly de-excites by emit-
ting a Ly↵ photon. This topic is of central importance
to the (non)-production of two-photons in our own at-
mosphere and is squarely addressed in §7.2.

4. THE GALAXY

The reader is advised to consult Draine (2011) for
a description of the three primary atomic phases; the
WNM, WIM and HIM. Locally, the WNM, the WIM
and the HIM occupy most of the interstellar space (Cox
2005). While the WIM contributes to the FUV band by
two-photon emission, the HIM primarily contributes to
the FUV background via line emission. Separately, it
turns out that low-velocity shocks are also emitters of
two-photon decays. Below we discuss the various con-
tribution to the FUV background from these Galactic
sources.

4.1. The Warm Ionized Medium

Deharveng et al. (1982) investigated two-photon emis-
sion from the WIM and concluded that it could not
account for the FUV background. Martin et al. 1991,
Reynolds 1992 and Seon et al. 2011 came to similar con-
clusions. Rather than compute the expected two-photon
emission from the physical parameters of the WIM (as
was done in the past papers) we prefer the simpler ap-
proach of estimating the two-photon brightness directly
from observations of H↵. At the temperature of the
WIM (8,000K), assuming case B, we expect that for
every two-photon decay there are 1.47 H↵ photons.
In Figure 2 we display the histogram of Galactic H↵

surface brightness as recorded in the Wisconsin H↵
Mapper Sky Survey (WHAM-SS or WHAM for short;
Ha↵ner et al. 2003, 2010). From these figures we con-
clude that the Galactic H↵ emission towards the Galac-
tic polar cap is approximately 0.5R. We subtract 20%
to account for contribution resulting from scattering of
H↵ emission by cirrus clouds (Witt et al. 2010; Dong &
Draine 2011). The expected two-photon decay rate is
then 0.27R which corresponds to 22.7CU in the FUV
band.

4.2. The Hot Ionized Medium

Rayleigh: 106 recombinations/cm2/s

For isotropic radiation

I=106/(4!) recomb/cm2/s/steradian

1 Rayleigh of two photon decays

à 85 CU in the GALEX FUV band

à18 CU in the GALEX NUV band

Thus, isotropic/offset amounts to 2 Rayleigh 

of two-photon decays

60 21



III. The Interplanetary Medium
(Fluorescence)
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The FUV background 7

Clearly, this contribution is much smaller than that due
to shocking of the atomic ISM by supernovae (cf. Equa-
tion 3).
However, it is almost certainly the case that the infall

is not smoothly distributed over the Galactic disk (cf.,
“High velocity” and “Intermediate velocity” clouds). In
fact, as noted earlier, there is clear evidence for in-fall
in the Northern Galactic polar region. The mean veloc-
ity of this flow is �40 km s�1, with a significant tail to
�70 km s�1.
We now summarize this subsection. In low-velocity

shocks, vs . 70 km s�1, two-photon cooling dominates
over line emission, excluding Ly↵ emission, of course.
There are multiple origins of low velocity shocks: the
cascade in velocity space initiated by supernova shocks,
shocks generated by fast moving stars, stellar winds and
finally the infall of gas from the Galactic cooling foun-
tain. We made a case for a contribution of 21CU from
the shocking and stirring of the WNM & CNM by su-
pernovae.

5. THE SOLAR SYSTEM: SCATTERING OF
SOLAR LY� PHOTONS

In the Solar system, in contrast to the WIM, the pri-
mary excitation of H atoms is not by photo-ionization
but by excitation of H atoms by solar Lyman series pho-
tons (Ly↵, Ly�, Ly�, etc.). Not surprisingly, the in-
tensity of the Lyman photons decreases rapidly as one
proceeds up the Lyman series. There is a rich literature
of both theory and observations related to Ly↵ in the
Solar system.

Figure 3. Partial Grotrian diagram for H I. Here, we fo-
cus solely on excitation of H atoms by Ly� photons. An H
atom thus excited has two choices: de-excite to ground state
by emitting Ly� (probability of ⇡ 7/8) or de-excite to the
2s 2

S1/2 level by emitting H↵. For the latter case, in the
absence of collisions, over a timescale of A�1

2� ⇡ 0.12 s, the
atom de-excites by emitting two-photons. The values of the
A-coe�cients for Ly� and H↵ can be found in Table 4.

In this paper we focus on Ly� photons (�� =
1025.7220 Å). These photons excite H atoms to either
3p 2P1/2 or 3p 2P3/2 (a partial Grotrian diagram for H I

is provided in Figure 3). The excited atom has two op-
tions: de-excite back to ground state by emitting a Ly�
photon (we denote the corresponding A-coe�cient by
A31) or de-excite to the 2s 2S1/2 state by emitting an H↵
photon (A32). We let ⌘H↵ ⌘ A32/A31 ⇡ 1/7.4 (see Ta-
ble 4 for A-coe�cient data). For higher order Lyman
series photons the branching ratio to reach the 2s 2S1/2

level is smaller. Furthermore, an inspection of the solar
spectrum shows that the intensity of the higher lines is
smaller than that of the Ly� line. As a result, we sim-
plify by restricting our analysis to only Ly� excitations.
Our goal in this section is to compute the rate of ex-

citation of H atoms by Ly� photons. For this exercise
we need to understand the frequency (velocity) profile of
both solar Ly� and also the velocity distribution of the
H atoms. The geo-coronal H atoms, with respect to the
Sun, have essentially zero radial velocity and a veloc-
ity width of no more than escape velocity of the Earth,
12 km s�1. The H atoms in the IPM have a mean veloc-
ity of �24 km s�1 with respect to the Sun. The thermal
velocity spread of those H atoms is 8 km s�1.
The solar Ly� line has a velocity profile with two horns

separated by about 0.33 Å and a full-width-at-zero of 1 Å
(Figure 4). In other words the velocity width of Ly� is
quite narrow, ±50 km s�1. It requires a very high res-
olution spectrometer to see the structure in this line.
Fortunately, a linear relation exists between the inten-
sity at the valley center and the integrated Ly� emission.
This relation allows solar astronomers to infer the zero
velocity Ly� intensity from integrated Ly� observations.
Over the period 1996–2009 (solar cycle 23),

the central photon flux density at 1AU var-
ied from 4 ⇥ 1010 phot cm�2 s�1 nm�1 to 10 ⇥
1010 phot cm�2 s�1 nm�1 (Lemaire et al. 2015). We
adopt the minimum flux for our fiducial value. We also
switch to the non-CGS but traditional Å unit. Noting
⌫F⌫ = (108F�)� where the factor of odd factor of 108

takes into account of our use of Å for wavelength but
keeping cm as the basic unit length we find:

F�(�, v = 0)=4⇥ 109 phot cm�2 s�1 Å
�1

,
F⌫(�, v = 0)=1.4⇥ 10�3 phot cm�2 s�1 Hz�1. (5)

Here, v is the radial velocity between the absorbing H
atoms and the mean velocity of the Sun. Going forward,
we use the short hand F⌫(�, v = 0) = F⌫(0) and so on.
Equation B5 gives the rate which H atoms in ground
state (“l”) at 1 AU are excited to an upper state (u)

R = 108F�(0)
⇣�ul

⌫ul

⌘ ⇡e2

mec
flu. (6)

where flu is the oscillator strength.

Excitation by Lyman-beta (gamma, …)
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Figure 4. The profile of solar Ly�. The continuum level in the vicinity of this line is very small, 6 ⇥ 107 phot cm�2 s�1 Å
�1

(see Figure 2 of Dudok de Wit et al. 2005 for an annotated EUV/FUV solar spectrum). The small dark vertical stub marks
the rest wavelength of Ly�. The thin vertical line marks three resonance lines of O I which can also absorb Ly� photons (see
§D.2 for further details). The top scale is the Doppler velocity in km s�1. The three OI lines are +12 km s�1 with respect to
the centroid of the Ly� line. The data used here is from the SOHO mission (Lemaire et al. 2015).

We first consider the simple case of a medium opti-
cally thin to Ly↵ and also with low particle density (so
that the probability of an H atom colliding with another
particle, particularly a proton, over a duration of A�1

2�
,

is negligible). Let L↵ (L�) be the photon surface bright-
ness of Ly↵ (Ly�). These quantities are / R. Next,
the ratio of the solar Ly↵ to Ly� intensity (with inten-
sity expressed in energy units and not photons) ranges
from 50 (solar maximum) to 80 (solar minimum); see
(Lemaire et al. 2012). Thus the ratio in photon flux of
Ly� to that of Ly↵, hereafter ⌘�, ranges from 1/95 to
1/60. We adopt ⌘� = 1/70. Using the atomic physics
constants given in Table 4 and using Equation B4 and
noting the value of ⌘� we obtain

L� ⇡ L↵

520
. (7)

The surface brightness in H↵, LH↵ = ⌘H↵L� ⇡
L↵/3850. In absence of collisions over a timescale of
A�1

2�
, each H↵ emission will lead to a two-photon de-

cay. If, on the other hand, the medium is optically
thick to Ly↵ then the surface brightness of Ly↵ in-
creases, potentially by large factors (determined by a
competition between recirculation, destruction by dust
particle or frequency-spatial random-walk escape from
the medium). In this case, the above calculation yields
an upper limit to Ly�. If, in addition, the medium is
optically thick to Ly�, then all of Ly� photons will be
converted to H↵ and two-photon continuum. We are
now in a position to estimate the two-photon contribu-

tion from the Solar system: the interplanetary medium
(§6), the thermosphere of Earth (§7) and the exosphere
of Earth (§8).

6. INTERPLANETARY MEDIUM

The Sun has a weak wind, about 10�14 M� yr�1.
The wind is correlated with solar activity and also has
dependence on solar latitude and longitude (Prölss &
Bird 2004). At 1AU, the typical properties are as fol-
lows: electron density, ne of 3–10 cm�3, magnetic field
strength of 10–370µG and temperature of 105 K. By the
time the wind reaches Earth it is supersonic, vwind ⇠
500 km s�1. For a spherical and steady wind, conserva-
tion of mass leads to a decrease in density as r�2. The
solar wind is neither steady nor spherically symmetric.
However, averaged over a solar cycle, ne / r�2 where r
is the heliocentric radius.
The entire Solar system is moving into a local inter-

stellar cloud at a velocity of about 25 km s�1. Incoming
neutral particles scatter solar Ly↵ photons and create a
spatially structured haze (Blum & Fahr 1970). Plane-
tary astronomers call this medium as the interplanetary
medium (IPM). The present picture of an incoming in-
terstellar wind was deduced by detection of anisotropic
Ly↵ by OGO-5 (Bertaux & Blamont 1971; Thomas &
Krassa 1971) and refined by IBEX using in situ mea-
surements of He I (Frisch et al. 2013). The “downwind”
direction of the wind in ecliptic longitude (�) and lati-
tude (�) coordinates is 79� and �5�, corresponding to
Galactic coordinates l = 185� and b = �12� (Frisch

Solar Lyman-beta
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IV. H-alpha emission from Earth’s 
“atmosphere” (Fluorescence)
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[17] The field of view on the sky of the WHAM instru-
ment is 1.0!, of the annular-summing Pine Bluff Fabry-
Perot is !1.4!, and of the pre-WHAM instrument was 0.8!.
The absolute intensity calibration for each instrument was
performed through comparisons with nebular observations
taken by the same instrument with the same field of view.

3. Data Analysis

[18] We have focused our analysis on observations with
the highest levels of data quality to facilitate multiyear
comparisons and to avoid misinterpretation of artifacts.
Our observations are taken under moonless conditions, to
avoid scattered moonlight interference, and during clear sky
conditions because even high, thin cirrus clouds can pro-
duce attenuation and scattering from regions outside the
field of view.
[19] A two component model accounting for the two

Balmer a fine structure components excited directly by
solar Lyman b radiation (32P3/2 ! 22S1/2 and 32P1/2 !
22S1/2) was convolved with the instrumental profile and fit
to the observational spectra [Nossal et al., 2006;Mierkiewicz
et al., 2006] using the Voigt-fit spectral fitting code devel-
oped by Woodward. These directly excited fine structure
components occur in a 2:1 ratio. The combined area of the
fine structure components is then compared with the area of
the nebular spectrum to calculate the geocoronal intensity,
adjusting for differences in atmospheric extinction due to
differences in slant path between the directions of the
geocoronal and nebular observations (see section 4). The
Voigt-fit spectral fitting code enables Gaussian parameters to

be linked, fixed, or free, thereby facilitating modeling of the
atomic physics, as well as the fitting of the continuum
background.
[20] The high signal-to-noise WHAM observations have

enabled us to understand with greater clarity, observational
and analysis factors that impact the accuracy of the retrieved
geocoronal intensity. In particular, Galactic emission, which
can be of comparable magnitude or greater than that of the
geocorona, must be carefully accounted for (see Figure 2a).
Here the geocoronal emission is the tall narrow peak and the
Galactic emission is the broader peak. The spectral dis-
placement is expressed in velocity units with an arbitrary
‘‘zero’’ velocity. Isolation of the terrestrial emission there-
fore requires an accurate accounting of the Galactic emis-
sion. WHAM has sufficient resolution to isolate the
geocoronal from the Galactic emission, except in cases of
major overlap between the two emissions. The WHAM
Galactic survey map [Haffner et al., 2003] (http://www.
astro.wisc.edu/wham/survey) provides information about
the intensity, structure, and Doppler shift of the Galactic
emission in a given observational look direction and facil-
itates the planning of geocoronal observations in low
Galactic emission directions and removal of the Galactic
background.
[21] For the WHAM portion of the solar cycle study we

have chosen to include only observations pointed toward
very low Galactic emission regions of the sky so as to
minimize uncertainty due to the presence of Galactic
emission in the spectra. These regions include the Lockman
Window region and typically have Galactic intensities of

Figure 2a. Sample geocoronal emission spectra taken with the Wisconsin H-a Mapper Fabry-Perot.
Spectral displacement is expressed in velocity units with the ‘‘zero’’ velocity placed at an arbitrary
location. (a) This observational direction contains both the geocoronal emission (tall narrow peak) and
the Galactic emission (broader emission).

A11307 NOSSAL ET AL.: GEOCORONAL HYDROGEN OVER THREE SOLAR MIN

4 of 13

A11307
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constituent concentrations, including atomic hydrogen, are also expected to change, but acquiring historical
long!term data records of these constituents is particularly challenging due to the need for remote sensing.

Atomic hydrogen is a key constituent in the near!space thermosphere and exosphere (Chamberlin &
Hunten, 1987). Hydrogen charge exchanges with ions in the plasmasphere (Krall et al., 2018) and is a by!
product of lower altitude constituents containing hydrogen such as methane and water vapor, two species
with large in!uence on the radiative balance of the Earth's atmosphere (Brasseur & Solomon, 2005). As
the lightest element, hydrogen's relatively longer mean free path enables it to be more globally mixed com-
pared with species at lower attitudes.

Hydrogen is predicted and has been observed to respond to the 11!year solar cycle, a major source of natural
variability in the Earth's upper atmosphere. Multiple numerical and empirical modeling studies (Anderson
et al., 1987; Nossal et al., 2012, 2016; Qian et al., 2018; Tinsley et al., 1986) predict higher hydrogen densities
in the upper thermosphere during solar minimum conditions. Both the National Research Laboratory Mass!
Spectrometer!Incoherent!Scatter 00 (NRLMSISE!00; Picone et al., 2002) and the National Center for
Atmospheric Research Whole Atmosphere Community Climate Model!eXtended (WACCM!X; Liu et al.,
2018) predict about an order of magnitude higher hydrogen density in the upper thermosphere at solar mini-
mum compared with during solar maximum conditions [see Figure 2 in Qian et al., 2018].

Ground!based Fabry!Perot observation of the geocoronal hydrogen Balmer!! (656.274 nm) emission has
been one of the principal remote sensing techniques for studying geocoronal hydrogen (~400 km and above;
Mierkiewicz, 2019). The Balmer!! emission from atomic hydrogen in the thermosphere and exosphere arises
primarily due to excitation by solar Lyman!" (102.572 nm) radiation. The shadow altitude is the viewing geo-
metry parameter with the greatest impact on the column emission intensity and is de"ned as the radial dis-
tance from the surface of the Earth to the location at which the observational line of sight intersects the
Earth's shadow [see Figure 1 and Section 3]. Ground!based Fabry!Perot Interferometers observe an inte-
grated column of the geocoronal Balmer!! emission with most of the emission arising from the base of
the illuminated portion of the column, that is, near the shadow altitude.

The geocoronal Balmer!! emission is directly excited by the solar Lyman!" radiation and arises from the
transitions along the 3P3/2 to 2S1/2 and the 3P1/2 to 2S1/2 "ne structure paths of the hydrogen Balmer!! line
(see e.g., Mierkiewicz et al., 2012). Additionally, there is contribution to the Balmer!! signal from cascade
excitation whereby higher!energy solar Lyman line radiation excites the electron in the hydrogen atom to

Figure 1. (reprinted from Gardner, Mierkiewicz, Roesler, Harlander, et al., 2017) illustrates how the shadow altitude is
de"ned. The shadow altitude is the radial distance from the surface of the Earth to the location at which the observa-
tional line of sight intersects the Earth's shadow for solar Lyman!" radiation. The radius of this shadow is approximately
100 km larger than that of the Earth's due to the absorption in the upper atmosphere of the solar Lyman!" radiation. Please
see text for further details.

10.1029/2019JA026903Journal of Geophysical Research: Space Physics

NOSSAL ET AL. 10,675

Geometry: geocoronal H-alpha emission
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[36] We observe higher column emission intensities dur-
ing near-solar maximum periods with the ratio dependent
upon viewing geometry. For example, at the midrange

shadow altitude of 3000 km, WHAM geocoronal H-a
column emission intensities are a factor of about 1.5 higher
during near solar maximum conditions than during solar

Figure 4. Eighth-order polynomial fit to the 2000 and 2001, and to the 2006 observations of Figure 3.

Figure 5. The polynomial fits for the years 2000 and 2001, and for the 2006 observations (see Figure 4)
are taken in ratio to the 2006 polynomial fit (solid line). The ratio when the data are corrected for
tropospheric scattering using the correction code of Leen [1979] (dash-dotted line) is also included.

A11307 NOSSAL ET AL.: GEOCORONAL HYDROGEN OVER THREE SOLAR MIN

8 of 13

A11307
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Table 1. STP78-1 EUV observations of night glow

Line “Up” (R) “Down” (R)

Ly�, OI 8.76± 0.3 2.3± 0.23

Ly↵ 3533± 5.8 1712± 4.7

OI 1304 7.1± 0.4 53.8± 1.3

OI 1356 < 2 52.2± 0.8

The Space Test Program 78-1 (STP78-1; aka “Sol-
wind”)12 was launched in 1979 into a sun-synchronous
orbit (600 km height). The satellite spin-orbital axis
was perpendicular to the Earth-Sun axis (i.e., a “noon-
midnight” orbit). It carried a number of instruments
for aeronomy including an extreme-ultraviolet spectro-
graph. Chakrabarti et al. (1984) reported satellite night-
time EUV spectrum of airglow, both looking “down”
(zenith angle between 120� and 150�) and looking “up”
(zenith angle between 30� and 80�); here zenith angle of
0� corresponds to the anti-sun direction. The relevant
key results are summarized in Table 1.
The Spanish Minsat-01 spacecraft (Morales et al.

1998) carried a high spectral resolution EUV spectrom-
eter, EURD (“Espectrógrafo Ultravioleta extremo para
la Radiación Difusa”; Edelstein et al. 2006). The or-
bit was a circle with height of 580 km and inclined 151�

with respect to the equator. Observations were obtained
only during satellite midnight, specifically restricted to
zenith angle of �85� (just before ground dawn) and
+80� (just after dusk). Restricting to absolute zenith
angle of < 70�, Ly�+OI was detected at a level of 6.4R
(López-Moreno et al. 2001).
The STP78-1 and EURD measurements are listed as

Ly�+OI because there happens to be a near coincidence
between the wavelength of Ly� and some resonance lines
of O I (see Figure 15 and §D.2 for details). The tran-
sition is composed of six lines of which three (here-
after, the “trio”) lie only +8 km s�1 of the rest wave-
length of Ly� and the other three are several hundreds
of km s�1 away. The trio, thus, are readily excited by
solar Ly� photons. The sum of the oscillator strengths
for the trio is ftrio = 0.0199 which can be compared
with f� = 0.0791, the oscillator strength for Ly�. Above
700 km the density of H atoms is increasingly larger than
that of O I atoms (Figure 12). Thus, above 1000 km we
can ignore excitation of OI �1025 Å.
In order to minimize airglow, HST FUV observations

are only taken around orbital midnight. Ake (2012) re-

12 Unfortunately, towards the end of the mission, Solwind was as-
signed as target for a pilot demonstration of anti-satellite mission
(ASM) technology. On September 13, 1985 the satellite was de-
stroyed by a US Air Force missile.

port night time Ly↵ surface brightness of 2 kR. The dif-
ference between this value and the one given in Table 1
is probably because the latter were taken over larger
zenith angle range and the larger angles probe a larger
volume of sun-lit H atoms outside the umbra cast by
Earth (see Figure 9).

7.2. Collisions: Critical Density

An H atom will undergo collision on a timescale of
(nq)�1 where q = h�vi, n is the density of the collider,
� is the cross-section for the interaction, v is the rel-
ative velocity between the collider and the excited H
atom, and the angular brackets indicate averaging over
a Maxwellian velocity distribution. The colliders can be
neutral particles, protons and electrons. For the neutral
particles we adopt a “hard sphere” model and set the
cross-section to � = 10�16 cm2. We compute the sum
of the rates for collisions with all neutral species as a
function of height. We find that the time scale for col-
lisions is longer than A�1

2�
throughout the thermosphere

(see right panel of Figure 12).
Normally, electrons are e↵ective in collisional interac-

tion with neutral particles. However, given the small
energy di↵erence between 2s and 2p levels, the slower
moving protons are more e↵ective than electrons in ef-
fecting these (primarily) angular-momentum changing
2s!2p transitions (Purcell 1952; see §C). A reasonable
night-time temperature for the thermosphere is 1,000K
(§E). Let qe+p be the sum of the collisional coe�cients
for electrons and protons.13 Matching the inverse mean
time between collisions neqe+p to A2� yields the criti-
cal density ncrit = A2�/qe+p ⇡ 104 cm�3. The produc-
tion of two-photons becomes ine�cient by (1+ne/ncrit).
From Figure 13 we see that the proton density is below
this critical density for heights above 1,000 km.
We now summarize the situation. The main consid-

erations for determining the brightness of the thermo-
sphere are as follows: (1) Ground-based observatories
find 4R of H↵ emission for observations taken towards
the zenith at midnight. (2) In LEO the night-time
zenith surface brightness values are as follows: L↵ ⇡
2 kR (HST) and Ly�+OI ⇡ 6–9R (STP78-1, Minisat-
01). (3) Above 700 km, the contribution to O I 1025 Å
decreases due to the reduction of the OI column density.
(4) Finally, two-photon decay is suppressed up to an al-
titude of 1,000 km due to collisions between H atoms
with protons.

13 Ions such as O+ are even more e↵ective because of their slower
velocities. However, by 1,000 km heigh the dominant species is
H and not O; see Figure 12.

Observations by STP 78-1 (in LEO)
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Why is that the geo-coronal H-alpha 
& Lyman-beta does not have 
corresponding two-photon emission?
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Back to basics: Structure of the 
Atmosphere
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Atmospheric pressure & temperature profiles
(US Standard Atmosphere)

60 33



60 34



Ionosphere

24 Kulkarni

The density, ionization fraction and temperature of the thermosphere were obtained from the Community Coordinat-
ing Modeling Center (CCMC) portal16: MSIS-E-90 (“Mass Spectrometer and Incoherent Scatter radar - Exosphere-
[19]90”) for the run of neutral particles (Figure 12) and IRI-2016 (International Reference Ionosphere – 2016).

Figure 14. Radial profile of electrons (equatorial plane). Note the unit for electron density is m�3. Figure supplied by Matthew
D. Zettergren.

D.1. The Ionosphere

As can be seen from Figure 13 the IRI-2016 model for electrons stops at 2000 km. The higher altitude profile was
generated, at my request, by Matthew Zettergren, Embry-Riddle Aeronautical University. The GEMINI open-source
ionospheric model17 was used in a 2-D meridional, dipole configuration to simulate plasma density evolution over several
days (e.g., Zettergren & Snively 2015). The grid used covers ±60� in latitude, corresponding to apex altitudes of about
32,000 km (altitude of the model grid above magnetic equator). GEMINI solves conservation of mass, momentum, and
energy equations for the ionospheric plasma for 6 ion species relevant to the terrestrial ionosphere, including protons.
The model was run moderate for high solar and geomagnetic activity levels of F10.7=129.5, F10.7a=104.7, and solar
index Ap=37. The date of the simulation is 10/6/2011 (near equinox) and the UT is about 5:45 (corresponding roughly
to noon local time), representing a typical daytime plasma density state. Figure 14 shows a profile extracted from
the geomagnetic equator. The results are meant to be illustrative of plasmasphere conditions during geomagnetically
quiet times.

D.2. Bowen Fluorescence of O I by Ly�

The reason that the measurements in Table 1 are listed as Ly�+OI is because there happens to be a near coin-
cidence between Ly� and an excited state of O I (Meier et al. 1987; see Figure 15 for a partial Grotrian diagram
of O I). The atomic parameters for the resulting six transitions between the ground state and the excited state,
1s22s22p3(4So)3d 3D1,2,3, are given in Table 6. Next, as can be gathered from Table 6, the excited OI atom has
a probability of 5/8 to return to ground state and 3/8 probability of decaying to 1s22s22p3(4So)4s with subsequent
cascade to ground state with the last lap involving the famous O I �1304 Å triplet. In addition to this channel,
oxygen atoms in the thermosphere are directly excited by the solar O I �1304 Å triplet (in emission). Together, these
two processes account for the brilliance of the airglow O I triplet. In contrast, the other FUV line of oxygen, O I
�1356, 1358 Å, is weaker because it is spin-forbidden and is primarily excited by collisions with electrons.

E. THE EXOSPHERE

The exosphere is defined as the region in which the collisions of neutral particles with each other ceases to be
important. If so, neutral particles are on ballistic trajectories with paths determined by initial conditions. The base
of the exosphere (“exobase”) depends on solar activity but a typical value is 500 km. Three families of particles are

16 https://ccmc.gsfc.nasa.gov/about.php
17 https://github.com/gemini3d
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Interesting history: “search for 
fine structure of hydrogen in 
radio spectrum of the Sun”
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But it is a more complicated ….
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Birth of QED
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An additional complication: 
Bowen Fluorescence (Ly!/OI)
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Table 1. STP78-1 EUV observations of night glow

Line “Up” (R) “Down” (R)

Ly�, OI 8.76± 0.3 2.3± 0.23

Ly↵ 3533± 5.8 1712± 4.7

OI 1304 7.1± 0.4 53.8± 1.3

OI 1356 < 2 52.2± 0.8

The Space Test Program 78-1 (STP78-1; aka “Sol-
wind”)12 was launched in 1979 into a sun-synchronous
orbit (600 km height). The satellite spin-orbital axis
was perpendicular to the Earth-Sun axis (i.e., a “noon-
midnight” orbit). It carried a number of instruments
for aeronomy including an extreme-ultraviolet spectro-
graph. Chakrabarti et al. (1984) reported satellite night-
time EUV spectrum of airglow, both looking “down”
(zenith angle between 120� and 150�) and looking “up”
(zenith angle between 30� and 80�); here zenith angle of
0� corresponds to the anti-sun direction. The relevant
key results are summarized in Table 1.
The Spanish Minsat-01 spacecraft (Morales et al.

1998) carried a high spectral resolution EUV spectrom-
eter, EURD (“Espectrógrafo Ultravioleta extremo para
la Radiación Difusa”; Edelstein et al. 2006). The or-
bit was a circle with height of 580 km and inclined 151�

with respect to the equator. Observations were obtained
only during satellite midnight, specifically restricted to
zenith angle of �85� (just before ground dawn) and
+80� (just after dusk). Restricting to absolute zenith
angle of < 70�, Ly�+OI was detected at a level of 6.4R
(López-Moreno et al. 2001).
The STP78-1 and EURD measurements are listed as

Ly�+OI because there happens to be a near coincidence
between the wavelength of Ly� and some resonance lines
of O I (see Figure 15 and §D.2 for details). The tran-
sition is composed of six lines of which three (here-
after, the “trio”) lie only +8 km s�1 of the rest wave-
length of Ly� and the other three are several hundreds
of km s�1 away. The trio, thus, are readily excited by
solar Ly� photons. The sum of the oscillator strengths
for the trio is ftrio = 0.0199 which can be compared
with f� = 0.0791, the oscillator strength for Ly�. Above
700 km the density of H atoms is increasingly larger than
that of O I atoms (Figure 12). Thus, above 1000 km we
can ignore excitation of OI �1025 Å.
In order to minimize airglow, HST FUV observations

are only taken around orbital midnight. Ake (2012) re-

12 Unfortunately, towards the end of the mission, Solwind was as-
signed as target for a pilot demonstration of anti-satellite mission
(ASM) technology. On September 13, 1985 the satellite was de-
stroyed by a US Air Force missile.

port night time Ly↵ surface brightness of 2 kR. The dif-
ference between this value and the one given in Table 1
is probably because the latter were taken over larger
zenith angle range and the larger angles probe a larger
volume of sun-lit H atoms outside the umbra cast by
Earth (see Figure 9).

7.2. Collisions: Critical Density

An H atom will undergo collision on a timescale of
(nq)�1 where q = h�vi, n is the density of the collider,
� is the cross-section for the interaction, v is the rel-
ative velocity between the collider and the excited H
atom, and the angular brackets indicate averaging over
a Maxwellian velocity distribution. The colliders can be
neutral particles, protons and electrons. For the neutral
particles we adopt a “hard sphere” model and set the
cross-section to � = 10�16 cm2. We compute the sum
of the rates for collisions with all neutral species as a
function of height. We find that the time scale for col-
lisions is longer than A�1

2�
throughout the thermosphere

(see right panel of Figure 12).
Normally, electrons are e↵ective in collisional interac-

tion with neutral particles. However, given the small
energy di↵erence between 2s and 2p levels, the slower
moving protons are more e↵ective than electrons in ef-
fecting these (primarily) angular-momentum changing
2s!2p transitions (Purcell 1952; see §C). A reasonable
night-time temperature for the thermosphere is 1,000K
(§E). Let qe+p be the sum of the collisional coe�cients
for electrons and protons.13 Matching the inverse mean
time between collisions neqe+p to A2� yields the criti-
cal density ncrit = A2�/qe+p ⇡ 104 cm�3. The produc-
tion of two-photons becomes ine�cient by (1+ne/ncrit).
From Figure 13 we see that the proton density is below
this critical density for heights above 1,000 km.
We now summarize the situation. The main consid-

erations for determining the brightness of the thermo-
sphere are as follows: (1) Ground-based observatories
find 4R of H↵ emission for observations taken towards
the zenith at midnight. (2) In LEO the night-time
zenith surface brightness values are as follows: L↵ ⇡
2 kR (HST) and Ly�+OI ⇡ 6–9R (STP78-1, Minisat-
01). (3) Above 700 km, the contribution to O I 1025 Å
decreases due to the reduction of the OI column density.
(4) Finally, two-photon decay is suppressed up to an al-
titude of 1,000 km due to collisions between H atoms
with protons.

13 Ions such as O+ are even more e↵ective because of their slower
velocities. However, by 1,000 km heigh the dominant species is
H and not O; see Figure 12.

Observations by STP 78-1 (in LEO)
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Figure 15. Partial Grotrian diagram for O I. (Right): Solar Ly� photons excite O I atoms from the ground
state,1s22s22p4 3

P0,1,2, to the 1s22s22p3(4S0)3d 3
D

o state. The O I atom can decay back to the ground state or decay to
the 1s2s222p3(4So)3p state which then decays to ground state emitting, along the way, the famous O I triplet �1302.17, 1304.86,
1306.0 Å photons. (Left): Grotrian diagram (not to scale) restricted to the six allowed transitions between the ground state
and 1s22s22p3(4S0)3d 3

D
o. The wavelength for each transition is converted to a velocity w.r.t. the rest wavelength of Ly�.

The rightmost three lines (black color) have su�ciently small velocity shifts, 8–9 km s�1, that they can be excited by solar Ly�
photons. These three lines are referred to as the “trio” in the main text. The remaining three (gray) have large velocity shifts,
500–700 km s�1, and so cannot be excited by solar Ly�.

Table 6. Wavelength & Oscillator Strengths for selected O I levels

�(Å) lower upper Aul(s
�1) flu El(cm

�1) Eu(cm
�1)

1025.762 3
P2

3
D

o
3 7.66⇥ 107 0.0169 0 97 488.538

1025.763 3
P2

3
D

o
1 2.11⇥ 106 2⇥ 10�4 ” 97 488.378

1025.763 3
P2

3
D

o
2 1.91⇥ 107 0.0030 ” 97 488.448

1027.431 3
P1

3
D

o
2 5.71⇥ 107 0.0151 158.265 97 488.448

1027.431 3
P1

3
D

o
1 3.17⇥ 107 0.0050 ” 97 488.378

1028.157 3
P0

3
D

o
1 4.22⇥ 107 0.0200 226.977 97 488.378

1,1286.34 3
P1

3
D

o
2 2.32⇥ 107 0.2833 88 630.587 97 488.448

1,1286.40 3
P1

3
D

o
1 1.29⇥ 107 0.2380 ” 630.587 97 488.378

1,1286.91 3
P2

3
D

o
3 3.09⇥ 107 0.1700 ” 631.146 97 488.538

1,1287.02 3
P2

3
D

o
2 7.74⇥ 106 0.1700 ” 631.146 97 488.448

1,1287.11 3
P2

3
D

o
1 8.60⇥ 105 0.1020 ” 631.146 97 488.378

1,1283.72 3
P0

3
D

o
1 1.72⇥ 107 0.5097 ” 631.303 97 488.378

Note— For El and Eu ‘”’ stands for adopting significant digits above the pre-
vious row. The table has two sections separated by a horizontal line. For the
top part, the lower level is the ground state, 1s22s22p4 3

P2,1,0 and the upper
level is the excited state 1s22s22p3(4So)3d 3

D1,2,3. For the lower part, the up-
per level is 1s22s22p3(4So)3p and the lower level is 1s22s22p3(4So)4s. See also
Figure 15. The atomic data are from https://physics.nist.gov/PhysRefData/
ASD/lines form.html.

defined as follows: “ballistic” – particles that lack su�cient speed and so fall back; “escapers” – particles which have
su�cient speed to escape; and “satellite” — particles which do undergo a rare collision (R . 2.5RE) which sends
them back down. Thus the particle density of the exosphere is not a simple power law.
The temperature in the exosphere decreases to one third of the base value at 4RE and two-fifth at 10RE ; here, RE

is the radius of Earth (⇡ 6, 400 km). We adopt the “standard” temperature of 1025K (cf. ØStgaard et al. 2003). The
corresponding thermal rms velocity is 2.9 km s�1.

Bowen Fluorescence between OI & Ly-beta

Grotrian diagram for O I60 43



Thermosphere: conclusion

• Bulk of the H-alpha arises below 1000 km (in the thermosphere)
• Owing to spin-changing collisions this H-alpha is not accompanied by two-

photon emission
• Lyman-beta, in addition to H scattering, is scattered by OI (Bowen 

fluorescence) in thermosphere
• So Ly-beta flux cannot be used to predict two-photon emission
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The Exosphere
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Apollo 16 (1973) astronauts on the moon acquired 
this  UV  image of Earth and its hydrogen envelope. 
The light is dominated by Lyman-alpha.
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A complication: solar photon 
pumping of 2s state
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Figure 6. High-resolution spectrum of the Sun in the vicin-
ity of H↵ (data from Chance & Kurucz 2010). The abso-
lute level at 6500 Å agrees to within a percent of the spec-
trum from SOLSPEC, aboard the International Space Sta-
tion (Meftah et al. 2021). The dotted curve is a “chi-by-
eye” fit to the narrow H↵ core. The model is given by
y(�) = 1.6 ⇥ [1 � ↵ exp(��x

2)] where x = � � �(H↵),

↵ = 0.79 and � = 1.5 Å
�2

. The thick vertical stub is the
vacuum wavelength, �(H↵) = 6564.614 Å. The thin stub is
the rest air wavelength of H↵ (6562.801 Å), shown merely for
reference.

and the corresponding photon spectral flux density is
F⌫(0) = 158 phot cm�2 s�1 Hz�1. Applying f2s!3p and
F⌫(0) to Equation B5 we compute the rate of H↵ pump-
ing, per atom, to be

RH↵ = F⌫(0)
⇡e2

mec
f2s!3p ⇡ 1.8d�2

AU
atom�1 s�1. (8)

Here, d is the distance in AU. RH↵ should be compared
with A2� ⇡ 8.2 s�1. Parenthetically, we note that the
pumping by solar H� photons is smaller, relative to that
for H↵, by a factor of 6.6 and so can be ignored.10

However, there is a complication: the IPM has a ve-
locity of about 24 km s�1 with respect to the Sun which
amounts to a wavelength shift of �� = 0.5 Å. As can
be seen from Figure 6 the H↵ flux increases on either
side of rest wavelength. For �� = 0.5 Å the increase
in flux is a factor of two. However, most of the Ly-
man scattering happens in a heliocentric 2–5AU annu-
lus in the upwind direction. Taken together, RH↵ .
0.5(d/4AU)�2 atom�1 s�1 which should be compared
with A2� = 8.2 s�1. Thus, for bulk of the IPM, we
can a↵ord to ignore the e↵ect of H↵ pumping of excited
H atoms.

10 The reduction is due to a smaller oscillator strength,
f2s!4p = 0.1028 and a slightly smaller spectral flux, F (0) =
104 phot cm�2 s�1 Hz�1.

6.2. Measurements

Voyager-2 was launched on 1977 August 20. One
month later, when the spacecraft was at a heliocen-
tric distance11 of 1.02AU, the UV spectrometer was
pointed to ↵ = 324� and � = �23�. It detected Ly↵
at 722 ± 0.5R, Ly� at 2 ± 0.16R and Helium 584 Å at
3.8±0.04R (Sandel et al. 1978). Next, long observations
of several high Galactic latitude fields were undertaken
in February and March, 1981 (heliocentric distance of
8.4AU). These observations detected not only Ly� but
also higher order Lyman lines (Holberg 1986). Of in-
terest to us were L↵ = 1080R and L� = 2.4R. The
ratio between Ly↵ and Ly� seems to be consistent with
that expected for optically thin medium (Equation 7).
The New Horizons mission also carried a UV spectrom-
eter and detected Ly↵ surface brightness of 550R at a
heliocentric distance of 7.6AU decreasing to 100R at
38AU (Gladstone et al. 2018) – confirming that peak
Ly↵ production takes place in the inner Solar system.
We now summarize this section. From our vantage

point, in the “upwind” direction of the IPM, we see
L� = 2.4R (Figure 5). H↵ pumping of H atoms in
the 2s state is not powerful enough to prevent or even
significantly modify the rate of two-photon decay. The
expected two-photon decay rate is ⌘H↵L� = 0.33R. The
corresponding brightness in the FUV band is 27.6CU.

7. THE EARTH: THERMOSPHERE

The same solar Lyman photons that excite the IPM
also excite the upper atmosphere and the exosphere. In
fact, a by-product of Ly� absorption is “geo-coronal”
H↵ which is routinely detected by the ground-based
WHAM. Typically the H↵ surface brightness measured
at zenith in the middle of the night is about 4R (e.g.,
Nossal et al. 2008, 2019). If we assume, as was the case
for the IPM, that each H↵ emission led to a two-photon
decay then the FUV background from geo-coronal emis-
sion, even in the dead of the night, would be 304CU
which exceeds the level of the isotropic [o↵set] compo-
nent! Obviously, our reasoning is incorrect. The flaw
is that, unlike the situation with the WIM, the HIM
and the IPM, the densities in the thermosphere are high
enough that collisions suppress two-photon decay. Since
the author was quite ignorant of the gross physical fea-
tures of Earths’s atmosphere a brief summary of the
densities in the thermosphere and exosphere is provided
in §D and §E, respectively.

7.1. Observations

11 The distance to Voyager-2 was computed using a tool provided
at https://omniweb.gsfc.nasa.gov/coho/helios/heli.html
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Figure 9. (Left): Geometry of the Exosphere. The Cartesian coordinate system is centered at the Earth’s center with x towards
the Sun and y towards the terrestrial North pole. For simplicity we assume that the Earth’s rotation axis is perpendicular to
the Sun-Earth line. The inner-most dark circle with radius RE represents Earth. The radius of the next circle is rs = RE + h

and the circle represents the orbit of a satellite at height h (marked “S”). The next two circles have radii of 2RE and 3RE .
The impact parameter, a, is the segment OA. The umbra cast by Earth is a cone with a depth of 215RE . We simplify by
replacing the umbra-penumbra combination with a cylinder (dashed lines; “Shadow”). Consider a line-of-sight originating from
the aforementioned satellite going towards point B (which is at radius r). Let z be the zenith angle and � the corresponding
geo-centric polar angle. l (OB) is the distance measured from the satellite to point B whereas r is geo-centric distance to point
B. (Right): The model Ly� surface brightness in Rayleigh expected at night time as a function of the fraction of the sky, as
measured along angle z of the satellite.

Table 2. Inventory of di↵use FUV emission

Source tracer value B (CU)

WIM H↵ 0.4R 23

HIM C IV 8625LU 34

Low-velocity shocksa H↵ 0.34R 12–29

IPMb Ly� 2.4R 7–28

Exosphereb Ly� ⇠ 2R ⇠ 23

Total 110–137

O↵set component GALEX - 120–180

Note—The source of emission is two-photon for all en-
tries save the HIM (for which the source is line emis-
sion). a This entry is computed from a theoretical
model. Does not include contribution from collisional
excitations nor contribution local HVC contribution.
The fraction of SN energy which goes into cloud stirring
is the principal uncertainty. b Brightest in the upwind
direction and faintest in the opposite direction. Scales
directly with solar activity (EUV flux); estimates were
computed for solar minimum.

We started the paper by noting that at high latitude
120–180CU of the GALEX FUV could not be accounted
by EBL and DGL (§2). In successive sections (§4-8)
we undertook a systematic examination of two-photon
emission from the WIM, low-velocity shocks, and the So-
lar system as well as line emission from the WIM. The
resulting estimates are summarized in Table 2 above.
We find that 114–129CU of the GALEX FUV back-
ground can be attributed to these sources.

We now address the uncertainties of the entries in Ta-
ble 2. In my view, the contributions from the WIM,
the HIM and IPM rest on sound measurements and ro-
bust theory (WIM: classical theory of recombination;
HIM: direct observations; IPM: basic physics involving
branching ratio of H↵ versus Ly�). The mean contri-
bution from low-velocity shocks depends directly on the
value of ⌘ which we have set to 0.05 (McKee & Ostriker
1977). If, on the other hand, it is 0.02 (Kim & Ostriker
2015) then the contribution from low-velocity shocks will
be reduced to 16CU. On the other hand, as explained
in §4.3 the model used to compute the two-photon emis-
sion ignores collisional excitation and so undercounts the
two-photon decays. A careful modeling of two-photon
emission from radiatively cooling shocks (starting shock
velocity of say, 70 km s�1) would address this concern.
A second concern is that while the two-photon emission
from the mean infall is small it is possible that localized
infall as seen towards the North Galactic pole Kulkarni
& Fich (1985) dominate.
In Table 2 we list the IPM contribution in the upwind

direction. In the opposite direction, the two-photon con-
tribution will be a quarter of this value or only 7CU.
Our estimate of the contribution from the exosphere is
limited by lack of data (Ly� above 1000 km) and also
modeling (radiative transfer of Ly� in the night sky).
Firming up this estimate requires addressing both these
lacuanae (see §10.1)

9.1. Temporal Variation

The two-photon emission from the IPM as well as the
exosphere scales directly with solar activity (solar EUV

Trough to be filled up by scattering

60 49



V. Low-velocity shocks
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Low velocity shocks: Herbig-Haro objects
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Figure 2. GALEX FUV intensity map of G354-33 showing a roughly spherical shell of UV emission filaments. Approximate

shell center: 20h 16.0m 36s �45�400. Note: Individual circular GALEX images are 1.2� in diameter.

3.1. The Suspected Radio SNR G354.0-33.5

Using a 1420 MHz linear polarization survey of the
southern hemisphere sky, Testori et al. (2008) identified
a large ⇠10� depolarized shell at ↵(J2000) = 20h 25m,
�(J2000) = �47�, roughly corresponding to Galactic co-
ordinates l = 353� b = �34�. This shell could also be
seen in a 1.4 GHz polarization all-sky survey map (Reich
& Reich 2009). Due to the object’s spherical morphol-
ogy and radio properties, Testori et al. (2008) suggested

a SNR identification with a size suggesting a distance be-
tween 300 and 500 pc, a physical diameter of 17.4 pc ⇥
d100pc and a z distance of 57.4 pc ⇥d100pc. Testori et al.
(2008) noted that the object could be seen in 408 MHz
data (Haslam et al. 1982) and weakly in the SHASSA
H↵ images (Gaustad et al. 2001). This object also shows
up in gradients of linearly polarized synchrotron radio
emission (Iacobelli et al. 2014). More recently, Bracco
et al. (2020) briefly commented on the presence of some
GALEX FUV filaments coincident with this radio shell.

Fesen et al. 

Old supernova remnants revealed by bright 
FUV continuum emission!

60 52



The denouement
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12 Kulkarni

Figure 9. (Left): Geometry of the Exosphere. The Cartesian coordinate system is centered at the Earth’s center with x towards
the Sun and y towards the terrestrial North pole. For simplicity we assume that the Earth’s rotation axis is perpendicular to
the Sun-Earth line. The inner-most dark circle with radius RE represents Earth. The radius of the next circle is rs = RE + h

and the circle represents the orbit of a satellite at height h (marked “S”). The next two circles have radii of 2RE and 3RE .
The impact parameter, a, is the segment OA. The umbra cast by Earth is a cone with a depth of 215RE . We simplify by
replacing the umbra-penumbra combination with a cylinder (dashed lines; “Shadow”). Consider a line-of-sight originating from
the aforementioned satellite going towards point B (which is at radius r). Let z be the zenith angle, measured from x axis in a
counter-clockwise fashion, and � the corresponding geo-centric polar angle. l (OB) is the distance measured from the satellite
to point B whereas r is geo-centric distance to point B. (Right): The model two-photon surface brightness in Rayleigh expected
at night time as a function of the fraction of the sky, as measured along angle z of the satellite.

region for GALEX) or 0.4R. The corresponding two-
photon contribution is 34CU.
We end this section by discussing two-photon emis-

sion from other objects in the solar system. Ground-
based Fabry-Perot telescopes easily detect atomic hy-
drogen from comets (Shih et al. 1984). This bodes well
for detection of two-photon emission from comets. Next,
solar photon pumping of H atoms in 2s state is stronger
in Venus (d = 0.72AU) and the resulting A0

31
= 4.5 s�1

which is nearly half of A2� . Thus, two-photon emission
from the veneran-coronal hydrogen will be correspond-
ingly suppressed. Any object, within 0.48AU orbital ra-
dius ,which is outgassing hydrogen will not exhibit any
two-photon emission.

9. SUMMING UP

We started the paper by noting that at high latitude
120–180CU of the GALEX FUV could not be accounted
by EBL and DGL (§2). In successive sections (§4-8)
we undertook a systematic examination of two-photon
emission from the WIM, low-velocity shocks, and the So-
lar system as well as line emission from theWIM. The re-
sulting estimates are summarized in Table 2 above. We
find that 99–137CU of the GALEX FUV background
can be attributed to these sources.
We now address the uncertainties of the entries in Ta-

ble 2. In my view, the contributions from the WIM,
the HIM and IPM rest on sound measurements and ro-
bust theory (WIM: classical theory of recombination;
HIM: direct observations; IPM: basic physics involving
branching ratio of H↵ versus Ly�). The mean contri-
bution from low-velocity shocks depends directly on the

Table 2. Inventory of di↵use FUV emission

Source tracer value B (CU)

WIM H↵ 0.4R 23

HIM C IV 8625LU 34

Low-velocity shocksa H↵ 0.34R 12–29

IPMb Ly� 2.4R 7–28

Exosphereb model - 34

Total 110–148

O↵set component GALEX - 148–183

Note—The source of emission is two-photon for all en-
tries save the HIM (for which the source is line emis-
sion). aThis entry is computed from a theoretical model.
Restricted to shocks which are at least 100 km s�1. Does
not include contribution from collisional excitations nor
contribution from local high velocity clouds .The frac-
tion of SN energy which goes into cloud stirring is the
principal uncertainty. bThe intensity of IPM is bright-
est in the upwind direction and faintest in the opposite
direction. Both IPM and Exosphere contribution scales
directly with solar activity (EUV flux). Estimates pre-
sented here were computed for solar minimum.

value of ⌘ which we have set to 0.05 (McKee & Ostriker
1977). If, on the other hand, it is 0.02 (Kim & Ostriker
2015) then the contribution from low-velocity shocks will
be reduced to 16CU. On the other hand, as explained
in §4.3 the model used to compute the two-photon emis-
sion ignores collisional excitation and so undercounts the
two-photon decays. A careful modeling of two-photon



New Directions
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I. Two-photon emission: A sensitive diagnostic 
of low-velocity shocks
• Low velocity shocks are the most common shocks in the Galaxy
• All high velocity shocks descend to low velocities!
• About half the stars are  moving super-sonically through WIM/WNM/CNM

• Most stars have mass loss (Sun is exceptionally quiet)
• Stellar winds  + supersonic motion = low-velocity shock

• On Galactic scales, shocks are low or intermediate velocity
• Spiral arms
• intermediate velocity HI clouds 

• This argues for FUV continuum imagery as a highly desirable product 
of any future UV mission (must pay attention to scattering and proper 
subtraction of exosphere & IPM contribution)
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II. A ground-based “Interplanetary Medium 
Observatory”
• There is a huge payoff for the study of geocorona, interplanetary 

medium and interstellar medium at deci-Rayleigh (!=0.01 R).
• Urgent need for a facility that can reach 0.01R anywhere in the optical 

band
• H-alpha
• H-beta
• [OIII], [OII], [SII], [NII]

• We should be consider radical approaches based on technological 
advances (LNSD approach for collecting area, photonics, sub-electron 
read noise large-format detectors)
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An H-alpha cubesat mission

• The Earth gradually loses H and He (via the exosphere)
• H is from oceans
• Increasingly CH4 is an important source of H in the upper atmosphere
• A direct measure of exosphere loss of H is of great value

• There is clearly a conflict between MSIS models for the atmosphere and 
ground-based H! measurements and LEO measurements of Ly! and Ly"
measurements
• Too much H within the thermosphere (relative to MSIS)
• Problem: Ly! is optically thick and Ly" suffers from Bowen fluorescence with OI

• So neither Lyman lines are suitable

• A cube-sat mission with a 10-cm telescope and “on” and “off” H!
photometer will firmly address these issues.
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III. Ultra-violet Explorer (UVEX):   
A Caltech & SSL/UCB mission in development
• Take advantage of

• High efficiency CCD detectors (“Delta doping”)
• High efficiency multi-layer coatings 

• 75-cm Three Mirror Anastigmat (TMA)
• Two-band imagers 

• FUV imager: 10 deg2, 2 arcsec FWHM, 1 arcsecond pixel
• NUV imager: “

• Ultra-long-slit (1 degree!)  low resolution spectrograph
• beats Hubble (the “march of time”)

• High Earth Orbit
• Low background and more importantly stable background 
• Exquisite low surface brightness imagery 
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