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Summary. We show that a correlation exists at high and inter-
mediate galactic latitudes between the diffuse infrared back-
ground intensity at 100 um as measured by IRAS and the diffuse
background intensity in the far ultraviolet. The slope of this
correlation is in reasonable quantitative agreement with the ex-
pected ratio between scattered and thermal emission from high
latitude low albedo dust grains illuminated and heated by the
integrated interstellar radiation field. The existence of this cor-
relation thus provides strong observational support for both the
dust back-scattering explanation for the known correlation be-
tween diffuse UV background and line-of-sight 21 cm column
density, and the closely related radiatively heated grain emission
model for the IRAS cirrus phenomenon.
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1. Introduction

The cosmic background radiation at both infrared and ultravio-
let wavelengths carries unique information concerning a wide
variety of topics, ranging from the properties of interstellar grains
to the existence of intergalactic matter and exotic massive par-
ticles (cf. Stecker et al., 1977; Paresce and Jakobsen, 1980). It is
therefore of considerable interest to be able to separate the vari-
ous contributions to the integrated diffuse emission seen at these
wavelengths.

An important clue as to the origin of at least part of the dif-
fuse ultraviolet background observed at high and intermediate
galactic latitudes, can be found in the positive correlation be-
between background intensity and line of sight neutral hydrogen
column density first pointed out by Paresce et al. (1980) and later
confirmed by a number of other experiments (Joubert et al., 1983;
Zvereva et al.,, 1982; and Jakobsen et al., 1984). The existence of
this correlation is generally accepted as evidence for a substantial
galactic component to the ultraviolet background due to galac-
tic plane starlight scattered off high latitude interstellar dust
mixed in with the neutral hydrogen (Jura 1979; Jakobsen 1982).
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More recently, the Infrared Astronomical Satellite (IRAS)
mission has confirmed that a similar situation exists in the far-
infrared, in that the diffuse emission at high and intermediate
galactic latitudes in the IRAS 60 um and 100 um bands includes
a patchy ‘cirrus’ component that also correlates with neutral
hydrogen column density (Low et al, 1984; Boulanger et al.,
1985; de Vries and Le Poole, 1985). The origin of the IRAS cirrus
is believed to be thermal radiation from high latitude dust grains
heated by the ambient interstellar radiation field (Stecker et al.,
1977; Mezger et al., 1982).

If these interpretations are correct, then the interstellar dust
contributions to the background at ultraviolet and infrared
energies should clearly be intimately related, with the ultraviolet
background sampling the back-scattered component of the illu-
minating radiation and the infrared background the truly ab-
sorbed component. Furthermore, if radiative scattering and
absorption followed by thermal re-emission are, in fact, the
dominant processes involved, then the ratio of the intensities of
the background at ultraviolet and infrared energies should be
independent of the gas-to-dust ratio, and mainly depend on the
albedo of the grains and the relative spectral shape of the incident
radiation field. Thus the availability of the IRAS sky maps pro-
vides a unique opportunity to correlate the ultraviolet data with
the dust directly, and test the theory for the origin of the cirrus
in the process.

In this paper we present the results of a first comparison
between the ultraviolet background data of Jakobsen et al. (1984)
and the IRAS 100 um Spline I maps. In Sect. 2 we demonstrate
that the anticipated correlation between diffuse emission in the
ultraviolet and infrared is present in the data, and in Sect. 3 we
argue that the slope of the correlation is in reasonable quantitative
agreement with that theoretically expected, given our present
knowledge of the detailed radiative properties of interstellar
grains.

2. The observed UV versus IR correlation

For the purpose of this investigation, we have focused on the
subset of the ultraviolet sounding rocket data of Jakobsen et al.
(1984) that pertains to a 50°5 scan carried out at an intermediate
galactic latitude of b ~ 50°. These data were obtained with three
broad-band photometers having 0.5° diameter fields of view, and
consist of absolute background intensity measurements for 79
targets at the effective wavelengths 21354, 1710 A, and 1590 A,
respectively (see Jakobsen et al., 1984 for details). For each of
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these 79 fields, the corresponding mean IRAS 100 ym and 60 um
infrared fluxes were obtained from the Groningen IRAS Spline
1 maps by averaging over the relevant UV target areas. The in-
band Spline 1 fluxes were converted to specific intensity in units
of ergss " 'cm~2A"1sr™! by adopting effective bandwidths of
33 um and 31 um for the 100 um and 60 um bands, respectively.
The flux-scale correction factors of 0.75 and 0.68 for the Spline
1 fluxes quoted by Laureijs (1985) were also applied to the data.

Based on the work of Jongeneelen et al. (1986), we estimate
that at the ecliptic latitudes of the targets (40° < f < 64°), the
zodiacal infrared emission contribution to the IRAS intensities
is <20% at 60um, and for practical purposes negligible at
100 um. As discussed in Jakobsen et al. (1984), a similar situation

holds for the ultraviolet data, in that the two short wavelength
datasets are entirely free of zodiacal emission, whereas the 2135 A
fluxes probably contain a zodiacal emission component at the
~30% level. The 2135A intensities were also subject to a
substantial correction for nitric oxide airglow emission. In view
of these complications, we will in the following primarily focus
on correlating the longest wavelength, 100 um infrared intensi-
ties with the shortest wavelength, 1710 A and 1590 A ultraviolet
intensities.

Fig. 1 shows the run of the IRAS 100 um intensity along
the scan path, together with the corresponding 21 cm hydrogen
column densities and representative 1710 A ultraviolet intensities,
also in units of ergss 'cm~™2A~!sr~!. Figures 2 and 3 show
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the corresponding correlation plots between the infrared data
and the 21cm and ultraviolet 1710 A data, respectively. As is
clear from these figures, the IRAS 100 um intensity shows a good
correlation with line of sight 21 cm column density (p = 0.926).
We note that the slope and zero-column offset of this correlation
correspond to, respectively, (58 +26) x E(B—V)MJysr ! mag™!
and (0.39 + 0.2)MJysr ™!, values in close agreement with those
quoted by Rowan-Robinson (1986). The positive correlation with
the 1710 A ultraviolet background intensity, although nowhere
as striking, is still significant at the 3¢ confidence level because
of the large number of points involved in the analysis (p = 0.329,
79 data points). The infrared versus ultraviolet correlation plots
for the 2135A and 1590 A data displayed in Figs. 4 and 5 are

similar in appearance to that of the 1710 A data, although they
display respectively stronger and weaker correlations. Table 1
also lists the statistics of the correlations for the data at these
wavelengths.

As discussed in detail by Jakobsen et al. (1984) the ultraviolet
data described above display significant correlations with line
of sight neutral hydrogen density. Hence, in view of the good
correlation between IRAS 100 um intensity and Ny exhibited in
Fig. 1, one should not be surprised to find a similar correlation
between the UV and IR fluxes.

It is interesting to note, however, that the UV versus IR cor-
relations of Table 1 are no better, and actually considerably more
noisy than the UV versus 21 cm correlations shown in Jakobsen
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Table 1. 100 um IR versus UV intensity correlations

Wavelength (A)  p? Observed slope®  Predicted ratio®
1590 0253 (24+1.0)10! 9.910!
1710 0329 (21+0.7)10! 9.6 10!
2135 0.827 (2.2 +0.2)10? 1.010?

* Rank correlation coefficient, 79 data points
® Monochromatic UV-to-IR intensity ratio in units of ergss™!
cm™2A " 1sr!

et al. (1984). However, the IRAS Spline I maps suffer from a
strong amount of residual “streakiness” due to calibration drift
between scans. This, combined with the ~15% relative photo-
metric accuracy of the UV intensities, is sufficient to explain the
scatter around the trend of the data.

The parameter of interest for this investigation is the average
ratio between back-scattered ultraviolet intensity and re-emitted
infrared intensity. We have determined this average ratio from
the slopes of the standard least-squares linear regression fits to
the data. The third column in Table 1 lists the values of the
dimensionless ratio {I,(UV)/I,(100y)) determined in this man-
ner, along with the formal statistical errors. Note that the
approach of including a constant term in the regression fit in
principle allows for potential baseline calibration errors in both
data sets, as well as the possible existence of isotropic (i.e. local
and/or extragalactic) components to the backgrounds in the ul-
traviolet and infrared. As for the absolute uncertainty in the de-
rived values of {I,(UV)/I,(100u)), the absolute calibrations of
both the ultraviolet and infrared data certainly should be good
to within a factor of two, and therefore, their ratio ought to be
accurate to within a factor of three or better. This overall error
budget is probably not unreasonable in light of the fact that
the derived UV to IR diffuse intensity ratios combine absolute

flux measurements from two unrelated space experiments sepa-
rated by more than two orders of magnitude in photon energy.

3. Interpretation

Consider a diffuse interstellar cloud at high galactic latitude
having dust optical depth, 7,, in the ultraviolet. Since the O and
B stars responsible for the bulk of the UV radiation in the Galaxy
are confined to the galactic plane, the cloud will to a first ap-
proximation be illuminated by UV starlight of roughly constant
intensity, I%¥, within the hemisphere facing the Galaxy. In the
optically thin (t; < 1) limit the back-scattered UV intensity will
therefore be given by (Jura, 1979)

1
L(UV) = 5 a,H(g;, b}, 1)

where a, is the grain albedo, and 0 < H(g,b) <1 is an appro-
priate integral over the Henyey-Greenstein phase function that
depends on the scattering asymmetry parameter of the grains,
g, and the galactic latitude, b, of the cloud. If the gas-to-dust
ratio is represented by the usual ratio [Ny/E(B — V)], the re-
lationship between dust optical depth and line-of-sight neutral
hydrogen column density is

R;

T, = 0.921 mNﬁ,

@
where R, = A,/E(B — V) is the normalized extinction at wave-
length A. As discussed in more detail in Jakobsen (1982) and
Jakobsen et al. (1984), the quantitative agreement between the
slope of the observed UV intensity versus Ny correlation and
that predicted by Egs. (1) and (2) is as good as one could hope
for, given our knowledge of the varous parameters entering the
problem. The data are consistent with the high latitude inter-
steller material having a norinal gas-to-dust ratio, and moderately
forward-scattering grains having far-UV scattering parameters
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a, ~ 0.4 and g ~ 0.6 as predicted by the more sophisticated mod-
els for interstellar grains available. For these parameters, typical
diffuse clouds having Ny ~ 102°-102! cm ™2 will back-scatter at
levels of 1-109%; of the incident stellar flux. A comparable amount
of radiation will be truly absorbed by the dust and lead to heating
of the grains. In the notation introduced above, the intensity of
the resulting thermal emission can be expressed as

I ro d
LRy =3 | [ 0 - apra | 5. ®

where the integral in brackets is proportional to the total amount
of incident radiation absorbed at all wavelengths by the grains
along the line of sight, and d¢/dA denotes the normalized spec-
trum of the thermal emission. For grains absorbing as ¢, oc 17"
in the infrared, we have from Kirchoff’s Law

o (1 (he/kTA)**"
EI(T) ~ <z> (@ T* 1) T4 + n){(4 + n)’ “

From these expressions it follows that the anticipated ratio be-
tween back-scattered UV intensity and re-emitted thermal IR
intensity can be written

I,UV)
L(IR) ”[

a,H(g,, b)R, I}

o dp
fo = apr,13 dl:l % (T)

4

Note that Eq. (5) is independent of both Ny and the gas-to-dust
ratio, and only depends explicitly on the spectral shape of the
incident radiation field and grain absorption and scattering
cross-sections. The absolute intensity of the incident radiation
field and the physical grain size do enter implicitly, however,
through the steady-state grain temperature appearing in d¢/dA.

In evaluating Eq. (5) we have, following Jakobsen et al. (1984),
adopted the average total extinction curve given by Savage and
Mathis (1979), and the scattering parameters calculated by White
(1979) for the Mathis et al. (1977) grain model. For the incident
stellar radiation field, I%, we have adopted the intensities given
by Gondhalekar et al. (1980), supplemented with the values com-
piled by Mezger et al. (1982) for wavelengths above 3000 A. For
these values we obtain for the integrated grain absorption rate:
4n[fe (1 — a)R, I dA] ~ 2410 2ergss™ ' cm ™% With a canon-
ical gas-to-dust ratio of Ny/E(B — V)~ 5.810%'cm ™ ?mag™?!
(Bohlin et al., 1978), this is equivalent to an absorption rate of
3.81072*ergs ™! per hydrogen atom, in good agreement with the
value of 42107 2%ergs ™! derived by Mezger et al. (1982). It is
interesting to point out that because of the rapid rise in the
intersteller radiation density at wavelengths above ~3000A
caused by the abundance of cooler stars in the Galaxy, a sub-
stantial fraction of the radiative absorption actually takes place
in the visible and near-infrared region of the spectrum. About
20% of the total absorption occurs in the 1450-2500 A segment
of the spectrum spanned by the ultraviolet data at hand, which
is comparable to that absorbed in the U, B and ¥V bandpasses
in the visible.

Given complete knowledge of the detailed grain properties,
it is in principle possible to predict the steady-state grain tem-
perature for any value of the total bolometric radiative absorp-
tion rate. However, considerable complications arise if realistic
variations in physical grain size and chemical composition are
taken into account (cf. Mezger et al., 1982). We have therefore
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determined the effective grain temperature empirically from the
observed infrared color of the cirrus.

The 100 um and 60 um IRAS intensities along the region
scanned display a very tight linear correlation (p ~ 0.95) with a
slope of <I,(100u)/I,(60u)> ~ 0.52. For an assumed ¢, oc A~ 13
absorption law, the color temperature of the dust corresponding
to this ratio is 36 K, somewhat larger than the theoretical values
of T ~ 10K for silicate grains and T ~ 19K for graphite grains
predicted by Mezger et al. (1982). The parameter of interest in
the present context, however, is not so much the physical grain
temperature, but the relative monochromatic thermal emission
at 100 um. For T~ 36K and n = 1.5, we obtain from Eq. (4):
d¢/dA ~ 711077 A~1, We note that although the precise value
of the derived grain color temperature is rather sensitive to the
assumed infrared absorption law (and any residual zodiacal emis-
sion contamination in the 60 um bandpass), the parameter d¢p/dA
is actually remarkably robust in that its value varies by less than
50% for any realistic combination of grain temperature in the
range T ~ 20—-40K and absorption law index n ~ 1-2. The rea-
son for this behavior is that the observed infrared color of the
cirrus places the 100 um bandpass near the peak of the modified
Planck curve. Hence, despite of our slightly inconsistent method
of establishing the effective grain temperature, our adopted pre-
dicted value of the parameter d¢p/d2 is in all likelihood reason-
ably well-determined. The last column of Table 1 lists the re-
sulting theoretical ultraviolet to 100 um infrared intensity ratios
predicted by Eq. (5).

4. Discussion

‘From Table 1 it can be seen that the anticipated diffuse UV to

100 um IR intensity ratios derived above agree with the observed
ratios to within a factor of four at 1710A and 1590 A, and to
within a factor of two at 2135 A. We regard this level of agree-
ment to be highly satisfactory, given the absolute accuracy of the
observations and our level of knowledge of the detailed interstel-
lar grain properties. Nonetheless, taken at face value, the dis-
crepancy between theory and observations for the more reliable
data at the shorter ultraviolet wavelengths is in the sense of the
infrared cirrus being brighter than expected with respect to the
back-scattered ultraviolet emission. If real, such a discrepancy
could be explained in several ways.

Firstly, note that according to Eq. (5) the ultraviolet to infrared
emission ratio scales with grain scattering parameters roughly
as I,(UV)/I,(IR) oc a,(1 — g,)/(1 — <a;>). Hence if the actual
grain albedo and asymmetry parameter differ from the values of
{a;) ~0.5and g; ~ 0.6 predicted in the Mathis et al. (1977) grain
model, then the resulting UV-to-IR ratio could be substantially
lower than the values listed in Table 1. We note that grain models
having the required combination of low a, and high g, have
recently been proposed by Chlewicki and Greenberg (1984).

A second possibility is that the high latitude dust clouds are
not completely optically thin as assumed in the derivation of Eq.
(5). In fact, the range of Ny sampled by the observations implies
for a normal gas-to-dust ratio and extinction curve rather high
line-of-sight optical depths of the order 7, ~ 0.2-1.2 in the far-
ultraviolet, which may strain the validity of our simple model.
It is extremely difficult to quantify the deviations from Eq. (5)
expected due to multiple scattering and optical depth effects, but
the sense of the effect will clearly be to lower the amount of
scattered radiation with respect to that truly absorbed, thereby
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lowering the UV-to-IR emission ratio. Depending on the grain
parameters and large scale geometry adopted, the magnitude of
this effect could be quite substantial.

Yet another possibility is that the fluxes in the IRAS 60 um
and 100 um bandpasses contain an additional contribution from
collisionally excited [O1], [O1] and [Cn] fine structure line
radiation, as suggested recently by Harwit et al. (1986). However,
the tight correlation between the cirrus intensity and N displayed
in Fig. 2 would seem to rule out a major contribution from this
source.

Finally, there are two potential additional processes that
should work in the opposite sense of increasing the apparent
ultraviolet to 100 um infrared ratio. These are excess emission in
the far ultraviolet caused by fluorescence in the Lyman and
Werner bands of the H, molecule (Duley and Williams, 1980),
and a reduction in the 100 um output due to an excess of infrared
emission at short wavelengths from a population of very small
transiently heated interstellar grains (Boulanger et al., 1985).
However, the effects caused by these last two processes are most
likely much less than a factor of two in magnitude (Jakobsen et
al., 1984; Puget et al., 1985).

In any case, and regardless of the uncertainties introduced
by these potential complications, the outcome of this first com-
parison between diffuse ultraviolet and far infrared background
intensities has provided strong observational support for both
the dust back-scattering model for the known correlation between
UV background intensity and 21 cm column density and the
closely related radiatively heated grain emission model for the
IRAS cirrus phenomenon.
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