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Abstract. A comparative study of Weingartner and Draine (2001) (here-
inafter referred as WD) and Bakes and Tielens (1994) (hereinafter referred as
BT) models of photoelectric heating efficiencies of gas shows that for neutral
medium WD model of photoelectric heating dominates over the BT model but
in a medium where grains are positively charged BT is higher by many factors
as compared to WD. WD model predicts a maximum photoelectric heating effi-
ciency of the gas € ~ 0.029 and a maximum line intensity ratio of [CII] emission
to that of total FIR emission ~ 2.5 x 1072. Ingalls et al. (2002) and Juvela et
al. (2003) observed almost the same values for € and intensity ratios for high
latitude clouds. Intensity of interstellar radiation field G is estimated from the
observed line intensities of CII and CO emissions for number of galactic and
extragalactic photodissociation regions. It is found that G is highly correlated
with the observed intensity of FIR with an intercept equal to 1.23 x 10~* (ergs
em~2s71sr~1), which is almost same as the ISRF of Habing (1968). This shows
that ISRF photons absorbed by the dust grains are reradiated fully in the near
-IR and far -IR.

Keywords : IR and near-IR - heating - cooling - CO and CII lines- ISRF

1. Introduction

The structure of the interstellar medium depends to a large extent on the processing of
interstellar radiation field (ISRF) by the dust grains. FUV radiation in the energy range
5 < hv < 13.6 eV ionizes dust grains, and a fraction € < 0.03 of the available energy is
converted into gas heating (Juvela et al. 2003; WD 2001; BT 1994). The gas cools down
after radiating its energy at millimeter and submillimeter wavelengths through the fine
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structure transitions from the neutral and ionized elements (carbon, oxygen, silicon and
iron) and rotational transitions (J—J-1) of CO, which is the most abundant molecule in
the interior of the medium. Hence, the interstellar gas and ISRF are well coupled. Direct
coupling of the non-ionizing photons to neutral gas is, however, difficult due to its low gas
opacity. Instead, the dust will absorb most of these photons, and the absorbed energy
will be reradiated in the near and far-infrared (FIR). Therefore, one expects a connection
between Go (the intensity of ISRF in units of Habing (1968)) and CII(158um) and CO
(2.6mm) line emissions from the photoelectric heated gas and FIR emissions from dust
grains.

Wolfire et al. (1989) have shown that CII(158um) line intensity (I¢r), CO(J =1 —
0) line intensity (Ico) and FIR continuum intensity (Irrr) from dust grains towards
number of photodissociation regions associated with HII regions, planetary nebulae and
reflection nebulae of galactic and extragalactic medium are correlated to a large extent.
Large scale survey of COBE (Cosmic Background Explorer) satellite using FIRAS (Far
Infrared Absolute Spectrometer) and DIRBE (Diffuse Infrared Background Spectrometer)
revealed a link between the CII and FIR emission properties of the cold neutral medium.
Ingalls et al. (2002) examined [CII] and FIR emissions towards a sample of translucent
clouds using ISO (Infrared Space Observatory) and found that Icrr/Iprgr ~ 2.5 x 1072,
Juvela et al. (2003) concluded that the observed ratio I¢rr/IprR is remarkably constant
for high latitude clouds (HLCs).

In the recent years, it has become abundantly clear that photoelectric heating effi-
ciency is a sensitive function of the distribution of dust and their sizes and associated
grain charging, realistic photon yields and electron sticking coefficients. BT have pro-
vided photoelectric heating model for interstellar medium, where heating is considered
mainly due to the polycyclic aromatic hydrocarbons (PAHs) and graphite of sizes < 102
A. WD have proposed a number of heating rates under a variety of conditions based on
the model of Li and Draine (2001) in which the smallest grains are PAHs, the largest
consists of graphite, and grains of intermediate size have optical properties intermediate
between those of PAHs and graphite. Silicate grains are also considered.

In view of this development we examine the photoelectric heating rates of BT and
WD and its impact on the photoelectrically heated gas emitting CII(158um), CO(2.6
mm) and far-IR line and continuum. Photoelectric heating rates and the fraction of heat
energy radiated away due to fine structure transition of [CII] are plotted in Figures 1-3.
The maximum value of € is ~ 0.029 (Fig. 2) obtained from WD, which is almost the
same as observed by Juvela et al. (2003). The maximum value of calculated intensity
ratio Iorr/Irrr ~ 2.5 x 1072 (Fig. 3) which is almost the same as deduced by Ingalls et
al. (2002) for HLCs.

The observations of CII(158 pm) and CO (2.6 mm) line intensities (I¢y; and Ico)
and integrated FIR intensities 7z ( in units of ergs cm™2 sec™! sr™1) towards a number
of photodissociation regions associated with HII regions, planetary nebulae, and reflection
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nebulae of galactic and extragalactic medium are taken from Wolfire et al. (1989) and
Crawford et al. (1985). The calculations for the line intensities ((I¢rr and I¢o) for all the
sources have been performed using the escape probability formalism of Qaiyum and Ali
(2003). FUV radiation field G, number density of total hydrogen (neutral hydrogen and
hydrogen molecule) N (ecm~2) and velocity field (Doppler width) parametrs of the clouds
are estimated through the best fit of the observed intensity. Calculated and observed
intensities are compared in Figure 4 and the number densities of hydrogen are plotted
in Figure 5 for the said models. The estimated parameters of line emitting regions are
presented in Table 1.

The value of G obtained from the observed intensity ratio Icrr/Ico is a measure of
intensity in units of Habing (1968). The observed intensity of infrared radiation for each
source is plotted against G in Figure 6. The slope of the curve obtained is interestingly
equal to the average ISRF of Habing (1968). This shows ISRF is strongly coupled with
infrared radiation intensity Irrg.

2. Photoelectric heating rates and line emissions

The structure of the interstellar medium depends to a large extent on the heating and
cooling processes of the interstellar gas. It has now been established that in diffuse and
dense interstellar clouds (A, < 2) the gas is mainly heated by photoelectrons expelled
from dust grains by FUV radiations (de Jong 1977; Draine 1978; BT; WD). Such UV
illuminated regions, generally associated with HII regions, planetary nebulae, reflection
nebulae, and normal and active galactic nuclei are dominantly cooled by fine structure
lines of [CI], [CI]], [O]], [SiII] and [Fell], and rotational transitions of CO molecule. Hence,
line emissions from such regions are coupled with the FUV radiation field. Therefore, a
model calculation of photoelectric heating rate by FUV photons and cooling due to fine
structure and rotational transitions can result in an estimate of Gy.

In order to calculate photoelectric heating rate consistent with the observations, pho-
toemission processes and associated grain charging, realistic photon yields, distribution of
photoelectron kinetic energies and electron sticking coefficients are very important under
different interstellar conditions. All the parameters depend on the grain size, composi-
tion of grain and charging state as well as the spectrum of the illuminating radiation.
BT and WD have discussed all the aspects in great detail. BT have given a formula for
photoelectric heating rates, while WD have proposed a set of formulae based on the dust
model of Li and Draine (2001), which is claimed to be valid under variety of conditions.

For the purpose of calculation of heating rates and loss of radiation, radiative transfer
equation is solved at each position in the cloud. We adopt one dimensional plane parallel
geometry in which FUV radiation field illuminates one side of the cloud and it is atten-
uated as exp(-kyA,) provided that total visual extinction is large. The values k) range
from ~ 1 to 3.5. The R,=A,/Ep-v, ratio of visual extinction to reddening is taken as 3.1.
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Figure 1. The photoelectric heating rate I'tora; per hydrogen density for average interstellar
radiation field of Habing (1968).

The standard relationship between hydrogen column density Ny and visual extinction
A, is adopted as Ny=1.87 x 102! A, (Bohlin, Savage and Drake 1978). The abundance
of PAHs is taken as 6 x 107> (Li and Draine 2001). For the purpose of determination
of chemical and thermal structure of the medium a chemical and thermal balance is set
up at each position of the source. The interstellar chemical network contains a set of 12
elements (H, He, C, N, O, Na, Mg, Si, P, S, Cl and Fe) and about 100 species of organic
and inorganic molecules. The physical processes and their reaction rates are taken from
Qaiyum (2003).

The amount of energy required to expel electrons from the surface of the grains by
FUV photons is I, = W + (Z + 1)e? /a. For carbonaceous and silicate grains the work
function W is 4.4 and 8 eV respectively. Z is the charge on the surface of grain and a is its
radius. Thus energy available to the ejected electron to be shared by the gas is (hv — I}).
In cold neutral medium, the grains too are neutral due, to which I, is very close to W
and the expelled electrons from the neutral grain carry large amount of energy, which
is deposited in the medium. Therefore, the photoelectric heating efficiency for neutral
medium is optimal. Contrary to that, when the grains are positively charged, the fraction
of energy carried by the ejected electron is reduced, resulting in decrease of photoelectric
heating efficiency.
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Figure 2. Photoelectric heating efficiency at N = 10* (cm™?).

The photoelectric heating rates T'iora;/GoN for ISRF of Habing (1968) in a range
102 < GoVT/N, < 105 (K'/2 ¢cm?®) for WD and BT models are plotted in Figure 1.
From the figure it is clear that for Gov/T /N, < 10% (i.e. neutral medium) photoelectric
heating rate due to WD is slightly higher than BT. Contrary to that for the medium
GoVT /N, > 10 (where grains are positively charged) the photoelectric heating rate due
to BT is higher by number of factors. On two counts WD and BT models differ. Firstly,
the electron attachment coefficient, which governs the neutralization of the grain, used
by BT are larger by many factors than that used by WD. Secondly, WD have included
silicate grains in addition to small and large grain of PAHs and graphite (a>100A), while
BT considered only PAHs and graphite grains up to a < 102A. When grains are neutral
ie. GovVT /N. < 103, sticking coefficient plays no role, photoelectric heating rate due
to WD is higher because of consideration of large number of grains. When grains are
positively charged (i.e. Gov/T/N, > 10%) BT dominates over WD due to high sticking
coefficient of electron (S,).

Although bulk of the FUV flux is absorbed by the grains and reradiated as infrared
continuum, a fraction e termed as photoelectric heating efficiency (the ratio between the
kinetic energy of photons available to heat the gas and FUV energy absorbed by the
grains) heats the gas through photoelectric heating mechanism. The value of € calculated
for hydrogen density N = 10%(cm~3) as a function of infrared radiations Ir;z (ergs cm=2
s~ sr1) are plotted in Figure 2. From the graph it can be seen that efficiency is maximum
for low Iprr which represent a cold and neutral medium. Maximum photoelectric heating
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efficiency for WD is ~ 0.029 which is almost same as obtained by Juvela et al. (2003) from
HLCs while for BT it is slightly low. Due to increase of FUV radiations more and more
grains will be ionized and energy carried by the photoelectrons (hv — I,) will be reduced
due to positive charge on the grain. Thus heating efficiency decreases with increasing G
(increasing Irrg also) and decreasing density.

Line intensities are calculated using the formalism of Qaiyum and Ali (2003) in
units of (ergs em~2 s~! sr71). Calculated intensity ratio of [CII] line emission and FIR
(Icrr/Irrr) vs Iprg is plotted in Figure 3. In a diffuse medium (low density case) ex-
posed to weak FUV radiation ( i.e. low Ip;g) the maximum intensity ratio is very close
to 2.5x1072 for WD, while for BT it is low. Model calculations are performed to evaluate
the intensities I and Ico of certain galactic and extragalactic sources of Wolfire et al.
(1989) and Crawford et al. (1985). The parameters N (cm~2) (hydrogen density), Gy
and velocity field are varied to obtain the best fit to the observed values of line intensities.
Observed and calculated intensity ratios (Icrr/Ico) for 11 galactic sources that include
HII regions, reflection nebulae, planetary nebulae and bright rimmed molecular clouds as
well as six extragalactic sources are plotted in Figure 4. It can be seen from the graph
that for both the heating models the calculated values of Icrr/Iprr agree well to the
observed one. The estimated values of Gy and N are presented in Table 1. The estimated
values of Gy for WD as well as BT models are remarkably same but electron density
differs. Velocity field dVp of the sources are not listed in the table but it is found to vary
in the range ~ 1 — 8 km/sec for the said sources.

3. Interstellar radiation field intensity (G,) and far infrared
emissions

It is a fact that FUV radiation in the energy range 5< hr <13.6 eV is primarily ab-
sorbed by dust grain and more than 99% of the absorbed FUV radiation is converted
into far-infrared continuum. The remaining (less than 1%) FUV flux is converted into
gas phase heating which is reradiated as far-infrared and submillimeter line radiation
due to the hyperfine transitions of CII, CI, OI, Sill, Fell and rotational transitions of
CO. The remaining interstellar photons with low gas opacity are also absorbed by the
dust, and most of the absorbed energy will be radiated in the near- IR and FIR con-
tinuum. Hence, integrated FIR emission should be almost equal to the incident FUV
integrated intensity (Meixner et al. 1992 and Ingalls et al. 2002). Thus intensity of ISRF
which illuminate regions-commonly known as photodissociation regions can be calculated
following equations (2-5) of the Appendix. From the equation(3) it is quite clear that
integrated FIR emission is propotional to Gg. Hence, observed infrared intensity Ir;gr
may be approximated as:

Irir = CGy (1)

where C is a constant and it is equal to the slope of Irrr and G curve (Figure 6). Here
we take zero intercept assuming that in the absence of ISRF there is no FIR emission.
In Figure 6 we have plotted the observed FIR emission intensity [r;r and estimated G
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Figure 3. Ratio of [CIT] line and far-IR intensities at N = 10® (cm™?).

from the millimeter and submillimeter line emissions of CII and CO using heating rates
of WD. Figure 6 shows that Ig;g is linearly dependent of Gy. The slope of the curve is
1.23x107* (ergs cm™2 s™! sr™!), which is almost equal to the interstellar radiation field
of Habing (1968). This confirms our assumption that all the interstellar radiation field
absorbed by the dust is reradiated as FIR emission.

4. Result and discussion

First part of this paper is devoted to a comparative study of the photoelectric heating rates
and its efficiency for the models proposed by WD and BT. Further, we study its impact
on the thermal, density and velocity structure of photodissociation regions illuminated
by FUV radiation field. The FUV radiation field Gy, density N (cm™3) and velocity field
0Vp (Doppler velocity) are estimated for photodissociation regions associated with the
said galactic and extragalactic sources by comparing the calculated line and observed
line intensities of the emissions at mm and submillimeter wavelength from CII and CO.
Further more, a relation between FIR emission and G is also established.

Figure 1 shows that for neutral cold medium, where Gov/T /N, is low WD photo-
electric heating rate is higher than that of BT because of contribution to the heating
rate from the silicate grains and also grains with a size a > 102A. While for the medium
where GovVT /N, is high, grains are positively charged and the energy carried by the



290 Abdul Qaiyum

6
(O Observed
« WD (2001)
< BT (1994)
. |
.t & ©
3 ® e
=3 L @ ® © @
4 +

Log (Ia(ergs cm™s™ st™))

Figure 4. Observed and fitted line intensity ratios [CII] and CO (J=1-0) emissions (Icu/Ico)
are plotted against the observed far-IR intensity of the corresponding source.

ejected electrons (hv — Ip) is decreased resulting in decrease of the photoelectric heating
rates. Contrary to the neutral cold medium, photoelectric heating rate in hot and ionized
medium is higher for BT than WD due to the large sticking coefficient S, (which reduces
the grain potential I,,) used by BT as compared to WD model. The photoelectric heating
efficiency of the gas as a function of continuum FIR intensity is plotted in Figure 2. The
maximum heating efficiency is obtained for low Ir;r ( for small Gy which ensures cold
neutral medium). Surprisingly its maximum value for WD model is ~ 0.029 which is
almost same as obtained by Juvala et al. (2003) for HLCs while the same is low for
BT. As expected, heating efficiency decreases with the increase of FIR intensity because
grains become more and more positively charged and ejected electron carries less and less
amount of energy.

Figure 3 represents the fraction of [CII] line emission to integrated continuum FIR
emission [Icrr/Irrgr] as a function of Irrr. In a diffuse medium (low density case)
exposed to weak FUV radiation (i.e. low Irrgr) the maximum intensity ratio is very close
to 2.5x1072 for WD, which is interestingly almost same as observed by Ingalls et al.
(2002) for HLCs and further confirmed by Juvela et al. (2003) while for BT it is low.
Thus observational facts favour the WD model of heating. Figure 4 displays the observed
and calculated intensity ratios for Icrr/Ico vs Iprr. Remarkable agreement between
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Figure 5. N (cm™®) is the hydrogen density deduced from the intensities of [CII] and CO
(J=1-0) using photoelectric heating rates of WD (2001) and BT (1994). N for each source is
plotted against the corresponding far-IR line intensity.

observations and calculations are found. The parameters (G and N(cm™3)) obtained
from the best fit are presented in Table 1. Another parameter, Doppler velocity §Vp, is
found varying in the range ~1-8 km/sec for different sources.

The estimated value of density for each source is plotted as a function of Ig;r in
Figure 5. It can be seen from the graph that density deduced from the ratio of Iorr/Ico
differs by a factor ~ 4 — 10 for the models of heating for three sources : M51, M51 HII
and NGC 7027 ( see Table 1. also). It is worth mentioning here that the best fit of
intensity ratio for these three clouds prefers a depleted abundance of carbon ~ 1.0x10~4
as compared to the abundances ~ 3.0x10~% assumed for other sources. Since electron
density in interstellar medium is mostly due to ionization of carbon, therefore, electron
density N, will also be depleted by the same factor. As a result the attachment rate of
electron on the surface of charged grain will be reduced. In such a situation Gov/T /N,
will be > 10%, where BT heating rates are enhanced as compared to that of WD. In such
circumstances a larger density is required for a balance between heating and cooling to
get the calculated intensity ratio to be equal to the observed value. In cases of all other
sources the combination of density and Gy is such that Gov'T /N, is close to 103, where
heating rates for said models do not differ significantly as a result density deduced from
the intensity ratio are close to each other.
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Figure 6. Observed values of far—IR intensity Irir for different sources are plotted against the
estimated values of Gy from line intensities of [CII] and CO (J=1-0) emissions. The slope of the
curve is almost the same as the average ISRF of Habing.

The observed intensity of integrated FIR i.e. Ir;r (ergs cm=2 s=! sr—1!) is plotted
against the deduced G in Figure 6. From Figure 6 it can be seen that a linear ralationship
exists. A best fit of the Irrr observations and G gives a slope 1.23x107% (ergs cm=2 s~}
sr~1) and zero intercept. Interestingly the slope is almost equal to the average interstellar
radiation field of Habing (1968). Zero intercept shows that no infrared radiation is possible
without interstellar radiation field. Further, it may also be concluded that ISRF photons

absorbed by the dust grains are reradiated fully in the near-IR and FIR.
Appendix

The temperature of spherical grain of radius a and material m follows from the photon
absorption and emission

o0 o0
7ra2/ GOFl,e_K“A”QabS,V(a, m)dy = 47r2a2/ B, (T0)Qabs..(a, m)dv (2)
0 0

where B, (1)) is the Planck function, Ty grain temperature and Qgps,,, (@, m) is the absorp-
tion efficiency for the material m and grain size a. m = 1 stands for the silicate grain and
2 for carbonaceous grains. Qups.,(a,m) is approximated as 10~3a(A) and 3x10~a(A)
for carbonaceous and silicate grains respectively for grain sizes of 10A< a(A)< 1000 in
UV range following WD. The flux of FUV radiation considered here is GoF,, where F), is
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Table 1.
Source WD(2001) BT(1994)
Go N(em™?) | Gy N(cm™?)
NGC1068 3.16x10°% | 1.0x10° | 3.16x10° | 1.1x10°
1C342 1.00x10% | 1.6x10° | 1.00x10% | 1.1x10°
Extra- | M82 7.94x10% | 4.0x10% | 7.94x10% | 7.1x10%
galactic | M51 1.99x10% | 4.0x10% | 1.99x10% | 1.6x103
sources | M51 HII 8.91x10T | 1.4x10% | 8.91x10T | 7.9x10?
M83 1.00x10% | 3.2x10* | 1.00x10% | 4.0x10%
M42(0'C) 3.54x10% | 5.0x10% | 3.54x10% | 7.9x10%
M42(Orion bar) | 2.24x10* | 5.0x10% | 2.24x10% | 7.1x107
NGC 2023 L.77x10% | 2.0x10° | 1.77x10% | 1.8x10°
NGC 2024 3.54x10% | 5.0x10% | 3.54x10% | 7.1x10%
Galactic | B35 1.26x10T | 5.0x10% | 1.41x10T | 5.6x107
sources | Sgr A 1.77x10° | 4.0x10°% | 1.58x10° | 3.2x10°
M17 1.12x10° | 2.0x10° | 1.12x10° | 4.0x10°
W49N 1.25x10° | 4.0x10° | 1.25x10° | 4.5x10°
DR21 1.00x10° | 6.3x10° | 8.91x10* | 6.3x10°
NGC 7027 1.25x10% | 3.5x10% | 1.25x10% | 2.5x10°
NGC 7023 5.62x10% | 2.0x10% | 4.46x10% | 1.6x103

due to Habing (1968). By varying the values of Gy we can take care of radiation field for
any cloud of interest. The grain temperature will also vary with the variation of Gy.

Integrating over the grain distribution the dust thermal emission is

Ny, = Z/ B,(T0)Qaps,(a, m)4r?a=> da (3)
and intensity
Av
IF[R(V, Go) =1.87 x 1021G0 Ad’,,(Av)dAv (4)
0
where
dA, = 0.0015Ndr (5)

and N is number density of hydrogen in the photodissociation region and dr is the
distance in parsec measured from the surface illuminated by interstellar radiation field.
Total integrated intensity may be obtained using equation (4) after considering all the
frequencies.
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