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The Cloudy photoionization codes have been employed to study a spherically distributed
cloud, around an arbitrary planetary nebula, with core temperature 10° K. The ionization
factor x (H) is close to unity, in the inner face of the dusty plasma (DP) cloud, which
follows a monotonic declining trend, afterwards. For hydrogen density ny = 10 cm ™3, an
exponentially falling trend of temperature could be noticed. A grain charging\discharging
process is also witnessed, which is very common in a DP environment. For ny = 10 cm~3,
photoionization of grains is more common due to higher photon density; compared with
ny > 10 cm™3, where the grain—electron acquiring probability is maximum, because of
significant electron density. Owing to the electrostatic interactions between the charged
grain and the electrons, an unusual trend in temperature has been observed.
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1. Introduction

According to the reports received from the Hubble Space Telescope, a large-scale
structure (~ few parsec (pc)) of dusty plasma (DP), consisting of ions, electrons, gases,
dust grains, etc. has been witnessed (Mendis & Rosenberg 1994; Wood & Linsky 1997).
Being, a partially or completely ionized system, the properties of the DP is strongly
governed by an electric and/or magnetic field, a local field due to charging of the grains
or dust particles; in addition to the gravitational field, turbulence, photon flux, etc.
(Uzdensky & Rightley 2014). Note that the number density in the DP may vary from
0.01-10% cm™ (Saintonge & Catinella 2022). Charging of dust grains via photoionization
occurs when incident photo-energy exceeds the work function of the grain surface
(Fortov et al. 2003). In addition to this, the charging of dust grains is also recorded,
by accumulation of electrons and/or ions in a DP system (Goree 1992; Abid, Ali &
Muhammad 2013). To probe the properties of DP in a stellar environment, researchers
mostly rely on the spectroscopic investigations (Dalgarno & Layzer 1987). Apart from
the chemical information, physical properties can also be probed from the atomic lines,
emission/absorption lines from stellar DP. In the interstellar medium, carbonate, silicate,

+ Email address for correspondence: hsarmah94 @ gmail.com

https://doi.org/10.1017/50022377824001697 Published online by Cambridge University Press


http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-4240-8181
mailto:hsarmah94@gmail.com
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0022377824001697&domain=pdf
https://doi.org/10.1017/S0022377824001697

2 H.J. Sarmah

(@) ®)

R.-'Jm

Dusty
plasma

shell

Core
Dusty plasma object

shell

FIGURE 1. A schematic view of the model considered is depicted: (a) 2-D view; (b) 3-D view.

polyaromatic hydrocarbon (PAH), etc. are usually witnessed from the spectroscopic
studies (Tielens & Allamandola 1987). Note that most of the studies have confirmed the
carbon richness and the presence of PAH around the periphery of a planetary nebula (PN)
system (Meixner et al. 1993; Guzman-Ramirez et al. 2011; Cox et al. 2015). Employing the
photoionization codes, the temperature profile of dusty PN has been studied, in the existing
literature (Stasinska & Szczerba 2001). However, the unusual temperature gradient has not
been addressed properly. Prior to Stasifiska & Szczerba (2001), the origin of temperature
fluctuations was discussed by Liu ef al., in a PN environment (Liu & Danziger 1993).

In this work, we have studied the photoionization effects of the PAH dominated DP with
varying hydrogen density, in the periphery of PN and probed the origin of the unusual
temperature gradient.

2. Theoretical model and tool

A spherically symmetric distribution of cloud containing gas and dust/grains is
considered around the PN, assumed to be placed at the core. A schematic diagram in
a two-dimensional (2-D) and three-dimensional (3-D) view of the model is depicted
in figure 1(a,b). The inner and outer surface radius of the DP shell is taken 1 pc
and 3 pc, respectively. Considering PAH domination in the DP, we employed the
pahl_ab08_10.0pc file as input (supplementary material is available at https://doi.
org/10.1017/S0022377824001697). Estimating an ideal black-body, the temperature and
luminosity of the core object are chosen as T=10° K and 1.25 x 10*® erg sec™!,
respectively; which is consistent with the earlier works (Liu & Danziger 1993). In this
work, the hydrogen density of the system is varied from 10 to 10* cm~>. To study the
photoionization of DP and its underlying physics, we have employed the open-source codes
from Cloudy (Ferland et al. 1998, 2017). The incident spectrum as recorded in the inner
face of the DP shell is presented in figure S1 (supplementary material).

3. Result and discussions

3.1. Photoionization in DP

Ferland’s Cloudy codes are one of the most promising tools to study the photoionization
in a stellar environment (Ferland et al. 1998; Salz et al. 2015). To illustrate the
photon-induced ionization, we define ionization factor y (H) = N(HII) /ny; where N(HII)
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FIGURE 2. The ionization profile of hydrogen for different hydrogen density conditions.

and ny are the density of HT ions and total hydrogen, respectively. The plot for x (H) as
a function of depth is depicted in figure 2(a—d). For higher hydrogen density values, a
declining trend of x (H) is recorded, which may be attributed due to reducing intensity
and red-shifting of the photons as a consequence of multiple collisions with the atoms,
molecules or dust. A similar trend is also recorded for electron density (n,), as it mostly
depends on the y(H) (figure 3a—d). Note that for photoionization, the energy of the
incident photon (4v) must be greater than the threshold energy (¢y,) of the system. The
kinetic energy of the photoionized electrons can be expressed as (Giiémez & Fiolhais 2018)

T, = hv — g, (3.1)
where, 7, is the kinetic energy of the photoionized electrons.

3.2. Dusty plasma thermal properties effected by the electrostatics of the dust/grains

The Cloudy codes were also used to probe the thermal properties of the DP. The
temperature profile in DP is presented in figure 4(a—d) for different hydrogen density
10-10* cm~3. The DP with lower hydrogen density (ny = 10 cm~3) shows a monotonic
decreasing trend of temperature with depth of DP (figure 4a). Apart from the inverse
square fall of radiation intensity, it also red shifted due to multiple collisions between
photon and DP constituent particles; which is speculated for a monotonic lowering trend
of temperature in the case ny = 10 cm™—>. Note that similar trends have been witnessed
in the existing literature (Liu & Danziger 1993). As can be seen from figure 4(b—d), the
temperature profile exhibits three different regions, for DP with higher ny( >10 cm™).
In the first region, the temperature drops monotonically, a bump can be witnessed in the
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FIGURE 3. Variation of electron density with depth of the DP system. Note that a declining
trend of electron density is witnessed with depth for ny = 10? — 10* cm™3; the electron density
remains almost unchanged for ny = 10 cm ™.

second region, a sharp drop in temperature can be recorded in the third region. It is well
established that the electron temperature is co-related to its velocity as v, = +/kgT,/m,.
Note that in a PN DP environment, the velocity of the electron depends on three factors:
first, the gradient dependent flow (diffusion velocity o An), i.e. the diffusion; second,
electrostatic drift due to the presence of the ionized PAH grains which is present in the
DP; and finally, due to the photo-energy absorption process, as mentioned in Section (3.1).
Considering all these factors, the net kinetic energy of electrons can be expressed as

The = Tp +Ts+ ﬂdgd)el — T, (32)
=> Thee = hv — oy, + aAnﬁ + Bdyppe — ynAr. 3.3)

Here, d, is the dust-to-gas ratio, the kinetic energy due to diffusion and electrostatic dust
potential are termed as T, = a An? and ¢, respectively. Here «, B and y are constants.
The energy loss due to inelastic collisions or scattering is termed as I" = ynAr, which
is speculated to be increased with depth (Ar) of the DP medium, along with the number
density of the system owing to multiple collisions. Considering, @ = 0.00002, 8 = 10° and
y =0.36 x 1078, the plots for T, in accordance to (3.3) have been presented in figure
S2(a,b) (supplementary material), which is similar to the temperature profile (figure 4a,d)

for ny = 10 cm™ and 10* cm ™, respectively. The same is also true for other hydrogen
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FIGURE 4. (a—d) Electron temperature variation in DP for different hydrogen density condition.
(e—h) The variation of average grain charge (in units of electronic charge per grain) is depicted
for different hydrogen densities. In the figure, different colours correspond to grains of different
radius (average); the increasing order of grain radius is shown with an arrowhead. Note that the
average grain charge is the mean value of different charge states of a particular grain of shape
and size in each zone.

density conditions (not shown). Further details can be found in the supplementary
material.

The grain charging/discharging processes are quite common in a DP environment. The
basics process of ionization/charge capture processes are depicted as

Ionization of grain: Grain + v = Grain™ + ¢, (3.4)

Charge capture of grain: Grain™ + ¢~ = Grain + hv. (3.5)

It is worth mentioning that the grain potential ¢, depends on the average charge state of
the grain (Z), in addition to its size (a), and mathematically expressed as (Ferland 1996)
¢ = (Z+ Dé*/a.

In a PN DP environment, the grains present in the DP exhibited ionization in the
case of lower hydrogen density conditions (ny = 10 cm™?), whereas for ny > 10 cm™3,
it offered promising electron capturing ability (figure 4e—h). Due to a lesser interaction of
photons with the DP in a lower hydrogen density regime, the transmitted radiation is more
intense. As a consequence, photo-ionization effects of grains could be witnessed in the
same regime. The maximum accumulated charge (Z.,,x) due to ionization of grains having

working potential (W) may be written as (Fortov ef al. 2003)
Lnax = (hvmax - W)ap/ez' (36)

It is worth mentioning that the photoionized electron temperature does not depend on the
radiation flux, but depends on the frequency of it. In accordance with equation (3.6), the
positive charge accumulated in PAH grains is more for larger grain size particles, as can
be witnessed from figure 4(e). To probe the stability of the grain distribution in space, we
studied the variation of kinetic energy of the grains with respect to the charge variation
on the grain surface. An increasing trend of grain temperature could be witnessed for
higher charge accumulated cases, as depicted in figure S3 (supplementary material). For
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the ny = 10* cm™ case, grain temperature varies from 80 K to 180 K. Notably, at a fixed
charged state, larger grain exhibits a lower velocity.

On the other hand, in higher ny cases, the radiation flux lowers after interaction with
H-clouds and ionized them, which yield significant electron density in those cases. As the
electron density is noticeably higher for n; > 10 cm~2, which enriches the grain—electron
capture probability. The electron densities for different hydrogen density conditions are
shown in figure S4 (supplementary material). Upon accumulation of the electrons, the
grains became negatively charged, as shown in figure 4(f—h). Note that ionization- and
electron-capturing ability offer an increasing trend for grain particles, having larger radius
(average).

The unusual tempearture profile can be attributed due to the electrostatic interactions
between the charged PAH grains and the electrons. Due to the charging/discharging
process of the PAH grains, it creates a local potential, i.e., suspected for accelerating the
electrons, which results in an unusual temperature variation in DP. It is worth mentioning
that, on neglecting the grain potential, the T, curve (as per equation (3.3)) varies
significantly from the simulated expectations; which ensures the role of grains in the
unusual temperature profile.

In the outer region of DP, discharge of grains could be noticed; which eventually
withdraws the electrostatic interactions between the electron and grain, causing a
noticeable fall in electron temperature.

4. Conclusion

To conclude, the photoionization effects have been studied in DP, located around any
arbitrary PN, with core temperature 10° K. In the inner face of the DP cloud, owing to the
direct interaction of the radiation flux, the ionization factor x (H) becomes as high as ~1.
For higher ny cases, this value follows a declining trend with respect to the depth of the DP
cloud. Apart from monotonic lowering of temperature for n; = 10 cm~3, an interesting
unusual trend of the temperature profile could be recorded for ny > 10 cm™2. In lower
hydrogen density conditions, photoionization of PAH grains is most prominent; whereas
the electron capture probability of PAH grains boost up in higher ny conditions. The
electrostatic interactions between the charged PAH grains and the electrons are speculated
for the unusual temperature variation in a DP environment.

Supplemental material
Supplementary material is available at https://doi.org/10.1017/S0022377824001697.
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