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Abstract

This dissertation develops a model for the response of the transition points in the density profiles
from atomic (HY) to molecular (Hy) hydrogen in a photodissociation region (PDR) due to a hard
X-ray flux (HXR). A model for a steady-state PDR due to the photodissociation of Hy by the
far-ultraviolet (FUV) Lyman-Werner radiation band is presented both analytically and computa-
tionally. A steady state X-ray dissociation region (XDR) from an HXR in the 1 - 100 keV energy
range is also developed both analytically and computationally. An analytic model is then developed
by combining these two different steady state models. The inclusion of the hard X-rays gives rise to
additional ionization in the PDR from secondary electrons which also leads to the generation of an
internal FUV radiation field. Computational results for the density profiles and the response of the
transition point of the PDR. due to the HXR flux are given. A simple analytic formula based upon
the separate PDR and XDR is then given which can provide an approximation to the transition

point due to their combination.

iii



Acknowledgements

I would like to thank my advisor Dr. Stephen Lepp for agreeing to take me on as a graduate
student as well as for his insight and expertise throughout this degree. I would also like to thank
the members of my advisory committee for providing me with helpful comments and suggestions:
Dr. Bernard Zygelman, Dr. Tao Pang, and Dr. Steen Madsen. I respectfully acknowledge the
financial support given for my graduate studies from the State of Nevada.

Finally I would like to thank my fiancée Kasia Staszkiewicz who earned her own PhD in Patience

along the way.

v



Dedication

To my mother Vivian and my father Joseph.



Table of Contents

Abstract
Acknowledgements
Dedication

List of Tables

List of Figures

1 Introduction

2 PDR - Model

iii

iv

ix

xii

2.1 Physical Processes . . . . . . . . . e
2.1.1 Ultraviolet Radiation Field . . . . .. . .. ... ... ... ... .. ...
2.1.2  Molecular Hydrogen Destruction . . . . . . .. .. ... .. ... .. ...,

2.1.2.1 Solomon Process . . . . . . .. ..
2.1.3  Attenuation of Ultraviolet Radiation . . . . . ... ... ... ... .. ...
2.1.3.1 Extinction due to Interstellar Dust . . . . . . .. .. ... ... ...
2.1.3.2 Line Profiles . . . . . . .. .
2.1.3.3  Self-Shielding of Molecular Hydrogen . . . . .. .. ... ... ...
2.1.4 Molecular Hydrogen Formation . . . . . . . ... ... ... ... ... ...
2.1.4.1 Formation in the Gas Phase . . . .. ... ... ... .. ......
2.1.4.2 Formation on Dust Grains . . . . . . .. .. .. ... .. ... ...

2.2 Steady State FUV Field Creation - Destruction of Molecular Hydrogen . . . . . . . .

vi



3 XDR - Model

3.1 Physical Processes . . . . . . .. e
3.1.1 Hard X-Ray Radiation Field . . .. . ... .. ... .. ... ... ......
3.1.2  Molecular Hydrogen Destruction . . . . . . .. .. ... ... ... ... ...

3.2 Steady State HXR Field Creation - Destruction of Molecular Hydrogen . . . . . ..
3.2.1 Internally Generated UV Field due to Secondary Electrons . . . . ... ...

3.3 Steady State XUV Field Creation - Destruction of Molecular Hydrogen . . . . . ..

3.4 Steady State HXR Field Creation - Destruction of Molecular Hydrogen including an
XUV Field . . . . e

4 Density Profiles and Transition Points

4.1 PDR Analytical Model . . . . . . . . ..

4.2 PDR Computational Results . . . . . . .. ...
4.2.1 PDR density profiles and transition points for Bialy & Sternberg 2016 . . . .
4.2.2 PDR density profiles and transition points from computational model

4.3 Analytic response of the PDR transition points to HXR field . . ... ... ... ..

4.4 Computational response of the PDR transition points to HXR field . . . . . .. . ..
441 Hyxy o S(m)my® o
442 Hxoory®

4.5 Analytic Fit for Hx o T;ﬁ_l ...............................
5 Conclusions

Appendix A Far-Ultraviolet Spectral Distributions
A.1 The Habing SED . . . . . . . . o
A.2 The Draine SED . . . . . . . .
A.3 The Draine and Bertoldi SED . . . . . . .. ... ...
A.4 The Draine - Sternberg SED . . . . . . ..o

Appendix B Hard X-ray Attenuation and Energy Deposition

Appendix C Analytic Best Fit Curves

vii

101



References 117

Curriculum Vitae 123

viil



List of Tables

4.1

4.2
4.3

4.4

4.5

4.6

Al
A2
A3
A4

FUV transition points based on the five step analytical procedure for generating
depth-dependent atomic and molecular densities (see Bialy & Sternberg 2016) . . . . 65
FUV transition points . . . . . . . . . . ..o 67
Comparison of H? and H, transition points for FUV irradiated PDR with analytic
vs. computational models . . . . .. ... 69
HXR energy flux Fx /ny [ergecms™!] at the H°-to-Hy combined FUV-HXR transition
points at one order of magnitude increase in Ny column density for S(7x)r ¢!
attenuation. . . . . . .. L oL e 72
HXR energy flux Fx /ng [ergcms™!] at the H-to-Hy combined FUV-HXR transition
points at one order of magnitude increase in Ny column density for 7=~ attenuation. 73

Ratio of the HXR energy flux Fx /ny [ergcms™!] at one order of magnitude increase

in Ny column density for 7=~ vs. S(rx)77 %L .. 7
Habing SED . . . . . . . . e 86
Draine SED . . . . . . . 88
Draine & Bertoldi SED . . . . . . . .. 90
Draine - Sternberg SED . . . . . .. oo 92

X



List of Figures

2.1

4.1

4.2

4.3

4.4

4.5

4.6

Self-shielding function . . . . . . . ... L

HO and Hs density profiles for FUV irradiated PDR based on the five step analytical
procedure for generating depth-dependent atomic and molecular densities (see Bialy
& Sternberg 2016) . . . . ...
HO and Hy density profiles for FUV irradiated PDR . . . . .. ... .. ... ....
Comparison of H? and Hy density profiles for FUV irradiated PDR by analytic vs.
computational models . . . . . . ...
The transition point curve where xyo = 2y, for the response of a PDR to an HXR
field with S(7x)7~¢~! attenuation. The vertical portion of the curve represents the
FUV only transition point. The contribution of B as a percentage of § to the
column density of the transition point is shown at 10% (orange dot), 50% (green
dot), and 90% (red dot). . . . . . . ..
The H? and H, density profiles and transition points for o and 2zy, of an FUV
only flux superimposed with an HXR flux S(7x)7~¢~! attenuation that causes a
response in the PDR transition point by one order of magnitude. . . . . . . ... ..
The transition point curve where xyo = 2y, for the response of a PDR to an HXR
field with 7=¢~! attenuation. The vertical portion of the curve represents the FUV
only transition point. The contribution of 5B as a percentage of § to the column
density of the transition point is shown at 10% (orange dot), 50% (green dot), and
90% (red dot). . . . . .

72



4.7 The H° and Hy density profiles and transition points for ryo and 2zy, of an FUV
only flux superimposed with an HXR flux 77?~! attenuation that causes a response
in the PDR transition point by one order of magnitude. . . . . . . . ... ... ...

4.8 Comparison of the response for the attenuation functions S(7x)7~¢~! and 7=¢7! . .

4.9 The transition point curves for the response of a PDR to an HXR field with 7—¢~1
(solid blue line) superimposed with the analytic model (orange dashed line). A

variation of £+ 0.2 dex is shown around the analytic fit line (light grey strip).

A1 FUV SED between 6 - 13.6 eV . . . . . . . . .
A2 LW SED between 11.2 - 13.6 €V . . . . . . .

B.1 Attenuation term Nﬁ‘ﬁ*l .................................
B.2 S(7x) using scipy.special . . . . . . ...

B3 S(rx)usingmpmath . . . . . . ...
B4 B=S5UX)

$+1
Tx

B.5 Comparison of the analytic and numerical form of S(7x)N ;I¢_1 ............

B.6 Attenuation region of analytic and numerical form of S(7x)N I}¢_1 ..........

C.1 Analytic fit to the HXR perturbation curve for 64 = 0.01 and « G =0.01 . . . . ..
C.2 Analytic fit to the HXR perturbation curve for 64 = 0.1 and « G =0.01 . . . . . ..
C.3 Analytic fit to the HXR perturbation curve for 64 =1 and « G =0.01 . . . . . . ..
C.4 Analytic fit to the HXR perturbation curve for 64 = 10 and oG =0.01 . . . . . ..
C.5 Analytic fit to the HXR perturbation curve for 64 = 0.01 and « G =0.1 . . . . . ..
C.6 Analytic fit to the HXR perturbation curve for 64 =0.1 and oG =0.1 . . . . . . ..
C.7 Analytic fit to the HXR perturbation curve for 64 =1 and aG=0.1 . . . . . . . ..
C.8 Analytic fit to the HXR perturbation curve for 64 = 10 and « G =0.1 . . . . . . ..
C.9 Analytic fit to the HXR perturbation curve for 64 = 0.0l and «G=1 . . . . . . ..
C.10 Analytic fit to the HXR perturbation curve for 6q =0.1 and aG=1. .. .. .. ..
C.11 Analytic fit to the HXR perturbation curve for 6g =1land aG=1.. ... ... ..
C.12 Analytic fit to the HXR perturbation curve for 64 =10 and G =1 . . . . . . . ..

C.13 Analytic fit to the HXR perturbation curve for 64 = 0.0l and « G =10 . . . . . ..

X1



C.14 Analytic fit to the HXR perturbation curve for 64 = 0.1 and o G = 10
C.15 Analytic fit to the HXR perturbation curve for 64 =1 and a G = 10

C.16 Analytic fit to the HXR, perturbation curve for 64 = 10 and a G = 10

xii



Chapter 1

Introduction

Interstellar gas clouds are regions that are dominated by the existence of molecular hydrogen
(H2) as well as dust grains which are intermixed with the hydrogen. These gas clouds can be
exposed to sources of radiation ranging from the optical, ultraviolet, and through to the X-ray
regime. There are two significant processes that can occur in these clouds that lead to regions
where atomic hydrogen (H°) is dominant over molecular hydrogen and it is these processes that
will be the focus of this dissertation. The aforementioned regions of atomic hydrogen are primarily
caused by the dissociation of molecular hydrogen due to fluxes of far-ultraviolet radiation (FUV)
and/or hard X-ray radiation (HXR). As the radiation fields are attenuated through the cloud, the
amount of molecular hydrogen increases and these regions that are shielded from radiation can
undergo star formation. The transition point where the gas goes from being predominantly atomic
hydrogen to that of molecular hydrogen is of interest here.

The galactic sources of these radiation fields can include bright O and B stars which produce
significant amounts of FUV radiation. As these star-forming regions can contain O stars with
short lifetimes (~ a few million years) it is possible that there may exist an accretion disk around
a compact object. This would emit a radiation field in the HXR spectrum that would shift the
transition point compared to it not being there. For example an object with a luminosity of
Lx ~ 10% ergs~! at a distance of r ~ 30 ly would have an energy flux of Fix ~ 1 erg cm™2s7! at
the cloud face. It is this response to the transition point due to the HXR radiation field that will
be modeled in this dissertation.

Photodissociation regions (PDRs), also known as photon dominated regions, are those char-
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acterized by exposure to far-ultraviolet radiation fields in the 6 - 13.6 eV range. The interaction
of the FUV radiation field that is in the 11.2 - 13.6 eV range with molecular hydrogen proceeds
by absorption into excited electronic states which can then undergo radiative decay into atomic
hydrogen or else into excited rovibrational levels of the ground electronic state.

The attenuation of the radiation by absorption as well as dust opacity leads to a reduction in
the FUV radiation field. From this then, as well as the the formation of Hy from atomic hydrogen in
dust grain catalyzed reactions, there exist atomic-to-molecular hydrogen transition points, namely
where nyo = 2npy,.

X-ray dissociation regions (XDRs), also known as X-ray dominated regions, are regions where
the interaction of high energy photons (E 2 1 keV) with molecular hydrogen is due to direct pho-
toionization along with subsequent ionization from secondary electrons. These secondary electrons
can also excite Hy leading to the production of LW-band photons capable of further dissociating
molecular hydrogen. Due to the small cross-section for ionization the hard X-ray field (1-100 keV)
has H-to-H, transition points that occur at greater column densities than in PDRs.

The difference in nomenclature between photodissociation region and photon dominated region
is due the different modeling of the internal chemistry. The naming of photon dominated regions
was first given by models that include cosmic-ray ionizations [1], whereas photodissociation regions
assume that the dissociation of molecular hydrogen is mainly due to LW-band photons. As the
model of the PDR in this dissertation is based on the latter [2], the term photodissociation region
is used throughout both. A similar rationale for naming conventions is given in the case of X-ray
dissociation regions and X-ray dominated regions. The model used in this dissertation for the XDR
is based on an HXR radiation field [3] , so the term X-ray dissociation region is used here as it is
in the original paper. This varies from the more modern term X-ray dominated region [4].

The photodissociation of molecular hydrogen due to a FUV radiation field mostly occurs due
to the absorption of LW-band photons into bound excited states which then subsequently decay.
One of these decay pathways leads to the direct dissociation of Hg into its constituent hydrogen
atoms in an interaction known as the Solomon process [5].

In the case of an HXR radiation field, direct photoionization of molecular hydrogen leads to a
cascade of additional ionizations due the primary photoelectron. These ions react chemically with

the gas causing further Ho dissociations. The interaction of the secondary electrons with molecular



hydrogen causes excitation into bound excited states which produce an internal FUV radiation
field. This internal field can then cause further dissociation due to the Solomon process.

The literature in the study of PDRs and XDRs is extensive and only a partial list of such
research will be given here. This includes the modeling of the interstellar radiation field [6, 7, §],
the effects of molecular hydrogen self-shielding [9, 8, 10, 11, 12, 2], the interaction of FUV radiation
with dust grains [13], the formation of hydrogen on dust grains [14, 15], the modeling of steady
state PDRs [8, 12, 2, 16] and the sources, interactions and modeling of X-ray fields [17, 18, 3, 19].
Review articles discussing PDRs, XDRs and their combinations include [20, 21, 22, 23, 24, 25].

Of interest in this dissertation is the identification of the total integrated energy flux at the
transition point in the HXR range that would lead to a response in the transition points of an
FUV only PDR model. This model is based on the combination of two existing models for PDRs
and XDRs. The flux of hard X-rays is increased until a shift in the transition point of the FUV
only model is shifted to greater column densities. This is done with an HXR attenuation model
that doesn’t have significant attenuation until a total hydrogen column density of Ny > 10%! cm—2
is reached, as well as a simplified HXR attenuation model that is being continuously attenuated
across all column densities. An analytic fit is given for the response of the simplified attenuation
function.

This dissertation starts off in Chapter 2 with the theory leading to the steady-state creation-
destruction model of a photodissociation region (PDR). The first steps are discussing details of
the FUV radiation field and its ability to dissociate molecular hydrogen in §§ 2.1.1 - 2.1.2.1. This
includes details on the Draine spectral energy distribution (SED) [7] that is commonly used in
PDR modeling as well as how the Solomon process leads to an efficient dissociation mechanism
for Hy [5]. Appendix A describes methods to convert between various forms of FUV SEDs that
are commonly encountered in the literature. The attenuation of the FUV radiation field due to
extinction from dust grains and the reduction of the field from the effect of self-shielding is given in
§§ 2.1.3 - 2.1.3.3. The formation routes of molecular hydrogen is in §§ 2.1.4 - 2.1.4.2 with emphasis
given to the formation mechanisms via dust grains as that is what this model is based upon.

There are many models of PDR regions that have been developed as well as advanced codes used
for their computation [26]. The steady-state model used for the creation-destruction of molecular

hydrogen in this dissertation is based on those of Sternberg, Bialy, et al.[2, 16] in § 2.2.



Chapter 3 details the model that was used for the X-ray dissociation (XDR) region due to a hard
X-ray spectrum (HXR). The basis for this model is that developed by Maloney, Hollenbach, and
Tielens [3]. In §§ 3.1.1 - 3.1.2 the details involving the SED for a HXR field are given. This includes
the energy deposition due to the X-rays and the secondary non-thermal electrons that are produced
by the primary photoelectron. Appendix B gives further details on the energy deposition due to
hard X-rays. The interaction of the non-thermal electrons with Hy causes rovibrational excitation
and transitions to LW-band energy levels which can then produce an internal FUV radiation field
is described in § 3.2.1 [27, 28, 29].

The steady-models used in §§ 3.2, 3.4 and, 3.4 all have the same general form as that given
in § 2.2.

The analytic modeling and the computational results of the response of the PDR transition
points to an HXR field is contained in Chapter 4. In § 4.1 the equations for the determination of
the density profiles for the PDR model used are given. As a test for the code, the analytic model
for the density profiles from [16] is used where their attenuation function G was replaced by the
total hydrogen column density dependent function A. The results of these transition points and
their comparison are discussed in §§ 4.1 - 4.2.2.

The model for the response of the PDR to an HXR radiation field is in § 4.3. This creation-
equation combines the transition point of the FUV only PDR with a linear response due to HXR
radiation field with its associated internally generated FUV radiation. The computational results
of the response using the the exact analytic model for the energy deposition rate Hx are given in
§4.4.1. Given are transition point response curve and an example of density profiles for an increase
in the transition point by one order of magnitude. The computational results of approximation to
the energy deposition is given in § 4.4.2 with the same plots described above. In § 4.5 a simple
analytic model is given that gives the transition point response curve as a function of the transition
point due to a independent PDR, model and an HXR model.

The conclusions of this dissertation and possible future work is given in § 5.



Chapter 2

PDR - Model

2.1 Physical Processes

The basic equation for the creation-destruction of Hy in steady state, isothermal, non-turbulent
conditions with a low ionization fraction (z. < 1073) for a beamed far-ultraviolet (FUV) radiation

~

field into an optically thick plane parallel slab is given by
1
Rqn(H%) n(H) = 5 D0 fasnv n(Hs) [em™3s71). (2.1)

The left side of Eq. (2.1) represents the formation rate per unit volume of molecular hydrogen,

3

Hy ecm3s~!, and conversely, the right hand side is the destruction rate per unit volume of Hy

with the same units. The volumetric formation rate of Hs is dependent upon the formation rate

3571 the atomic hydrogen number density n(H°) cm™3, and the total hydrogen

coefficient Ry cm
nuclei number density n(H) em™3. The factor of 1/2 comes from the reduction in the surface flux
density of a total free-space radiation field when an optically thick semi-infinite slab is inserted and
the impinging field is considered to be beamed. The volumetric destruction rate of Hy due to an
FUV radiation field depends on the free space photodissociation rate Dy s™', the dimensionless
effective depth dependent attenuation of the radiation field fat¢,r, and the molecular hydrogen

number density n(Hz). The volumetric number densities shall be denoted as n(H"), n(Hs), and

n(H) by ngo, nu,, and ny respectively. The total hydrogen nuclei number density, (i.e. proton



number density), is conserved so that
nH = Ngo + 2nH,. (2.2)

The terms in equation (2.1) will be described in greater detail in §§ (2.1.1) - (2.2) below. A
similar equation will also be given for an X-ray dissociation region in § (3.1) which examines the
atomic-to-molecular (H%-to-Hy) transition region due to a hard X-ray spectrum. § (3.1.2) will also

discuss how an increasing ionization fraction affects the molecular hydrogen destruction rate.

2.1.1 Ultraviolet Radiation Field

The interstellar ultraviolet (UV) radiation field is particularly important in the destruction of
molecular hydrogen. The broad UV field is considered to have a wavelength of between 100 A
and 4000 A; however, the FUV region of this spectrum has wavelengths, A that are in the range
of 912 A < X < 3000 A [30]. This region is of interest since photons with wavelengths less than
3000 A have enough energy to cause ionization [6]. The extreme ultraviolet field (EUV) is in the
100 A < X < 912 A range [30]. These fields exist primarily due to hot O and B stars.

The specific intensity distribution function, I, is defined mathematically as

dE,

_ —2 —lyy,—1 . .—1
Iy_dadtdydw lergem™“s™ Hz™ “sr 7], (2.3)

where I, is the frequency dependent specific intensity, # and ¢ are the polar and azimuthal angle
respectively that are made with respect to the source of the radiation and the observer, dF, is the
amount of energy per unit frequency crossing the detector, do is the unit area at the detector, and
dw is the solid angle subtended by the detector. The specific intensity can also be given in terms
of other quantities such as wavelength or photon number. For example, a frequency dependent
specific intensity can be related to a wavelength dependent one through the differential relation
I,dv =1y d.

Assuming that there is no time dependence of the intensity, the specific intensity can be given

in terms of the energy density of the radiation field by defining a characteristic length s = ct, so



that 1/dt = ¢/ds and then equation (2.3) becomes

cdFE,

b= Wdvds

[ergem ™2 st Hz L1, (2.4)

where dV = do ds, and ¢ = 2.998 x 10'° cms™! is the speed of light.

The interstellar energy density at the wavelengths of 1000 A, 1400 A, and 2400 A was calculated
by Habing with a frequency specific energy density of vu, = 4x 10~ ergem ™3 at 1000 A [6]. There
have been numerous updates and modifications to these values, a representative table of some of

which can be found in [12]. One such fit for Habing’s values is given by [12]
2 2 1
AU Habing = ( - g A3+ 55 A3 — ; )\3> x 1071 [ergem™?), (2.5)
where A3 = A/10% A. The integrated (full 47) energy density of this UV SED is found by

A2
U\ Habing = / (—4.167 x 1072 X2 +£12.5 x 10720 X — 4.333 x 107 17) d\ [ergem™@],  (2.6)
A

1

where \; is generally taken to be the ionization wavelength of atomic hydrogen (912 A). With this

the energy and photon flux are given respectively by

A2
F)\E,Habing =c / U\, Habing dA [erg cm ™2 S_l]v (2.7&)
A

1

1 [ 5
F)W,Habing = E / )\UA,Habing d)\g [phOtOIl cm 2 S 1], (2.7b)
A1

and where ¢ = 2.998 x 10" cms™!, h = 6.626 x 10727 gem?s~ !, and d\3 has dimensions of 10~% cm
for equation (2.7b) to be dimensionally correct since. Habing considers the radiation energy density
between 912 and 2400 A (or equivalently between 13.598 and 5.166 eV respectively). Within these
ranges and using equations (2.5) - (2.7b), the spectrum has a (full 47) integrated energy density
of 6.21 x 107 ergem™3, an integrated energy flux of 1.86 x 1073 ergem 257!, and an integrated
photon flux of 1.50 x 10® photoncm~2s~!'. This radiation field is often denoted as Gy in the
literature [8].

A radiation field in the far-ultraviolet regime that is commonly used in the study of photodis-

sociation regions is the Draine standard ultraviolet radiation field [7]. This radiation field is an



analytic fit based on previous theoretical and observational work [6, 15, 31, 32, 33, 34, 35]. It de-
scribes a free-space isotropic far-ultraviolet radiation field between 5 and 13.598 eV (or equivalently
between 2480 and 912 A respectively).

This can be written in terms of a specific photon intensity distribution as a function of photon

energy by [7]

Fp Draine = (1.658 x 10° (E,) —2.152 x 10° (B, ) +6.919 x 10° (E,)*)  [photonem s~ 'sr eV ],
(2.8)
where E, = (FE/1eV). The integrated photon and energy flux of this energy distribution over the

relevant energy ranges are given respectively by

Ee
FE., Draine = ’ / (1.658 x 10° (E,) — 2.152 x 10° (E,)* + 6.919 x 10° (E,)?) dQ2 dE,
Ee, JQ
[photomcm_2 s_l], (2.9a)
E.
FEp Draine = ’ / (1.658 x 10° (E,)? — 2.152 x 10° (E,)* 4 6.919 x 10° (E.)*) d dE,
Ee, JQ

[eVem™2s71, (2.9b)

and where

2T pm
/dQ—/ / sin 6 df d¢. (2.10)
Q 0 0

The evaluation of this integral gives [, dQ = 4m. Conversion of equation (2.9b) into dimensional
units of ergem 257! is given with 1 eV = 1.602x 1072 erg. With this then equation (2.9b) becomes

Fg,

erg,Draine

=1.602 x 107" Fg, Draine  [ergem 257 1] (2.11)
The energy density of the Draine UV spectrum can then be found from equation (2.9b) as
1 -3
uE,Draine - EFEerg,Draine [erg cm ] (212)

This field has an integrated photon flux of 2.42 x 108 photonscm™2s~! over the 5 - 13.6 eV

1

range. The integrated energy flux of equation (2.8) is 1.932 x 10? eVem™2s™! or equivalently



3.11 x 1072 ergem 25! over the same energy range. The energy density of this field is 1.04 x

107" ergem™3

in this same range. There are various forms of equation (2.8) in the literature
[12, 2, 36, 37, 38].

Since equations (2.8) - (2.12) represent the full free-space Draine FUV radiation field, i.e.,
F(0) = 4nFy, where Fj is any particular specific flux intensity distribution that has been already
been integrated over its relevant functional dependency, a semi-infinite slab inserted into the field
will cause a decrease in the surface flux density across the cloud. For a beamed field the angular
integration modifies the angular portion of the free space field to 0277 Oﬁ/ % 5in 6 do d¢ = 2m. The

surface flux density of the beamed field is then one half of the free-space field and
1 -2 1
FRea(0) = 5 Fy Jergem “s . (2.13)

For a semi-infinite slab inserted into an isotropic Draine FUV radiation field, the angular portion

2

of the surface flux density is reduced to |,

(;T /2 5in 6 cos 0 do d¢p = mw. The surface flux density of

the isotropic field is then one quarter of the free-space field and
1 -2 -1
Fiso(0) = 1 Fy [ergem “s 7. (2.14)

These relations also hold for the surface flux densities of the Habing FUV field, equation (2.7a).
Further details on these FUV spectral distributions as well as the distribution given in [2] are found

in Appendix A.

2.1.2 Molecular Hydrogen Destruction

The bond energy of molecular hydrogen, Ho, is 4.476 ¢V, or a wavelength equivalent of 2770 A.
Dissociation, however, does not occur directly at this energy via photon absorption through the
photodissociation reaction

Hy +~ = H+H. (2.15)

This radiative dissociation reaction has an extremely small rate coefficient (< 10723 cm®s™!) due

to the forbidden transition by the AS = 0 selection rule [14, 39]. This is because the hydrogen

molecule is a homonuclear diatom and thus has no dipole moment since the net dipole coordinate



coincides with the geometrical center of mass of the molecule. Due to this, there are no pure
vibrational electric dipole-allowed transitions which would excite the molecule to the vibrational
dissociation continuum limit (v > 14). Since this is a forbidden transition there needs to be other
mechanisms which will allow the separation of molecular hydrogen into its constituent atoms.
Moving to the higher end of the UV energy spectrum required for Hy destruction, photons with
an energy of greater than 15.426 eV, or equivalently, wavelengths shortward of 804 A are capable

of photoionizing the Hy molecule. Hs is photoionized in the reaction
Hy +v = Hj +e. (2.16)

The dissociation energy of the hydrogen molecular ion, H;, is 2.8 €V, however like the hydrogen
molecule, a greater energy than the binding energy is required for destruction. A minimum energy
of 12.5 eV, or an equivalent wavelength of less than 992 A from the ground state of H; leads to

the photodissociation reaction [40, 41]
Hf ++v=H" +H, (2.17)

with the HY atom being left in the ground state. If the energy for excitation to higher discrete
electronic states of H;r is between 19 and 30 eV, or a wavelength equivalent of 413 to 653 A the
photodissociation reaction

Hy +~ = H" + H*, (2.18)

can occur leading to a hydrogen atom in an excited state which can then decay or be ionized. For
photon energies greater than 30 eV, or equivalently wavelengths less than 413 A excitation into the

continuum state can occur giving the dissociative ionization reaction

Hy +~v=2H" +e. (2.19)

The destruction of H; also occurs through a gas-phase chemistry dissociative recombination

reaction

Hy +e=H"+H+e. (2.20)
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Direct photodissociation of Hg at energies greater than the Lyman (photoionization) limit occurs

at an energy of 14.671 eV through the absorption of a A < 850 A photon leading to 5]
Hy +~ = H + H*, (2.21)

with the excited H? atom being in the 2s or 2p state.

The destruction of Hy due to photons at these energies or greater leads to a layer of atomic
hydrogen that has built up in front of the molecular hydrogen layer. This layer of atomic hydrogen
is further stratified into a front of ionized hydrogen that is facing the radiation field and a thin
boundary layer of HT and H® where the transition from mostly ionized hydrogen to atomic hydrogen
occurs. Beyond this transition point the photodissociation region proper is entered. The hydrogen
in this region is neutral and consists of a layer of atomic hydrogen with a transition region where
the destruction of molecular hydrogen diminishes and the gas becomes predominantly molecular.

With the ionization energy of H® being 13.598 eV, then photons with wavelengths shortward of
912 A are attenuated in the process of ionizing H° [42, 43]. Thus, due to destruction of Hy with

photons shortward of 912 A and the ionization of H? in the reaction
H+y=H'+e, (2.22)

the photodissociation region contains photons with wavelengths longward of 912 A. Since pho-
tons with A < 850 A are absorbed in the ionization of atomic hydrogen, the pathway to direct
photodissociation as in equation (2.21) is absent.

If photons have energies greater than the Hs bond dissociation energy of 4.476 eV, there is a
pathway to direct photodissociation; however the reaction leading to X 12; — VYt is a singlet-
triplet transition which changes the spin multiplicity and is a forbidden transition [5]. There are
also forbidden transitions to the triplet states a32;; and ¢*II,, from the X 12; state as well as
allowed transitions from the repulsive b3} to the agﬂjj and 311, states. The former state has
allowed transitions to the repulsive b*3} state leading to dissociation, while the latter has allowed
transitions to the b3 via the a3E;r state for vibrational levels v > 1. The c¢*II, (v = 0) state is

metastable and can decay to the repulsive b3 via a magnetic dipole transition [5, 44]. However,
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due to the multipole nature of these transitions, these reactions do not play a significant role in the
dissociation of Hs.

The convention for the prefix of the molecular state of hydrogen is that the ground singlet is
state is denoted by X. Excited electronic states of the same multiplicity as the ground electronic
state have prefixes of A, B, C, etc. in terms of increasing energy. For states with multiplicity that
is different from the ground electronic state, the prefixes used in terms of increasing energy are a,

b, c, etc.

2.1.2.1 Solomon Process

The favored reactions for the dissociation of Hy at energies less than the Lyman (photoionization)
limit of H” occur through what is called the Solomon process (P.M. Solomon, private communica-
tion, 1965, in [5] pg.226). There are allowed electric dipole transitions from the ground state of
Hs to two excited states at minimum energies of 11.2 and 12.3 eV. These excited states are the
B'Y}F and C'I, respectively as there is no bound A'Y state. The former is known as the Lyman
band transition and the latter as the Werner band transition after whom had first observed their
respective band systems [45, 46, 47].

In cold molecular clouds, T ~ 100 K, essentially all of the hydrogen molecules are in the ground
vibrational state. Rotational levels within the ground vibrational level are typically in the first
or second rotational energy level. The photon energy spectrum related to these transitions are
infrared for vibrational transitions and microwave for rotational transitions.

The electric dipole transition rules for transitions between the ground and excited electronic
states include the change in projection of the total angular momentum along the internuclear axis,
A = 0,%+1. This leads to the A = 0, ¥ state; and the A = 1, Il state. These rules allow for
> — ¥ and ¥ — II transitions. There is also the change in spin multiplicity of AS = 0. This
rule leads to the excited states having singlet spin multiplicity since the ground state has this spin
multiplicity, i.e. 'Y — '3 and 'Y — I transitions. There are also symmetry rules for dipole
transitions. One is for the parity of the molecular wavefunction upon reflection of the electronic
coordinates about an internuclear plane containing the nuclei. For ¥ states, there is no net orbital
angular momentum and so also a lack of degeneracy of the wavefunction upon reflection. Thus the

molecule is either in the parity unchanged T, or parity changed ¥~ state and the dipole selection
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rules due to non-degeneracy lead to X7 — ¥ and ¥~ — ¥~. For states with A > 1, there is a
net angular momentum projection onto the internuclear axis and so there exists a degeneracy of
states upon reflection of the electronic coordinates. This is annotated by II* as an example for the
A = 1 state. The dipole transition rules for the reflection operator are then given by ¥t — II*
and ¥~ — II*. Since the ground state of Hy is ©F the former rule applies. Since all states with
A > 1 have this degeneracy, the convention is to suppress the & notation so that, e.g. IIT — II.
As Hs is homonuclear, there also is a symmetry regarding an inversion of electronic coordinates,
(z,y,2) = (—x,—y,—z), through the geometric center of the molecule. This operation on the
electronic wavefunction either changes the parity (ungerade, u) or leaves it unchanged (gerade, g).
This operator is often denoted by P. The dipole selection rule for this operation is ¢ — u or u —
g. As the ground state of Hy is X, the latter rule applies.

The electric dipole selection rules for rotational transitions determine the rotational state of
the molecule upon absorption of a Lyman-Werner band photon. The particular selection rules
for a given molecule depend on the type of “coupling scheme” that is used. In the case of Hs,
Hund’s coupling case (b) is used whereby the orbital angular momentum of the electrons, L, has
a well defined projection upon the internuclear axis, A. This is then coupled to the rotational
angular momentum of the nuclei, R. The addition of these gives the spin excluded total angular
momentum of the molecule such that N = R + A. The spin angular momentum of the electrons,
S is then coupled to this vector to give the total angular momentum of the molecule, J = N + S.
The rotational transition selection rule for the total angular momentum is given by AJ = 0, +1
provided 0 <+~ 0. The spin excluded total angular momentum selection rule is AN = 0,+1 where
AN # 0 for ¥ «» 3. There are also parity selection rules regarding the nuclear spin wavefunctions.
If the total molecular wavefunction excluding nuclear spin is symmetric and is combined with an
anti-symmetric nuclear spin wavefunction, then the rovibrational levels are symmetric regarding
P and are denoted s. If the symmetry /anti-symmetry of the previous wavefunctions are reversed,
then the rovibrational levels are anti-symmetric regarding P and are denoted a. The selection rules
for nuclear symmetry are s <> s, a <> a, s «+» a. There are also rotational states due to the spin
of the nuclei. When they are aligned anti-parallel the net nuclear spin, I is even and is called
para hydrogen. When they are aligned in parallel, I is odd and is called ortho hydrogen. In cold

molecular clouds, the ground state of Hy is predominantly in the J = 0 and the J = 1 states
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corresponding to I = 0 and I = 1 states. The degeneracy of these states in equilibrium due to the
Boltzmann distribution is in the ratio of 1:3 for para to ortho [48]. Electric-quadrupole transitions
determine the rotational transitions and so have the transition rules AJ = 0, £2.

For transitions between vibrational levels, there aren’t selection rules regarding the vibrational
states. These transitions are governed by the Franck-Condon principle which gives greater prob-
ability for transitions to occur that minimize the change in kinetic energy of the molecule. Thus
the square of the transition dipole moment between different electronic states and the square of
the overlap integral between vibrational wavefunctions in these electronic states will have a greater
likelihood of occurring if internuclear separation is minimized during the transition. As discussed
earlier, at cold molecular cloud temperatures T ~ 100 K, the ground X 12; state is typically in
the v = 0 vibrational level and J = 0 or 1. The transition strength of a particular line absorption
is given by

2

a,=af¢, [em?s 'Hz ! where a= e [cm?s™1]. (2.23)
Me €

Here a is the total atomic absorption coefficient, f is the oscillator strength related to the induced
Einstein absorption coefficient By, (and hence spontaneous Einstein emission coefficient and the
induced Einstein emission coefficient, A,; and B,; respectively), and ¢, is the line profile. Details
of these rules can be found in various sources on molecular physics [49, 50, 51]. Further discussion
of equation (2.23) will be given in § 2.1.3.2.

In the Lyman band transition, photons shortward of 1108 A can be absorbed into the first

excited singlet electronic state through
Hy (XS} (v, J) +v = Ho (B'S] (v, ). (2.24)

In the Werner band transition, photons shortward of 1008 A can be absorbed into the second

excited singlet electronic state through
Hy (X'S] (v, J) +v = Hy (C'TIE (v, ). (2.25)

For absorptions in the Lyman-Werner band, there are a few different decay mechanisms that

can occur. The least likely, but the one that is most significant for the creation of atomic hydrogen
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is a decay into the vibrational continuum of Hy at 4.476 eV. This leads to the dissociation of the
hydrogen molecule. In this process, there is a fluorescent decay from the B'X} or C''II, into
an unbound (v > 14) vibrational level of the X 12; state given rise respectively to the radiative
dissociation reaction

Hy (B'S] (v, ) = 2H 4+, (2.26a)

or

H, (O, (v, J') = 2H + 7/, (2.26b)

where 7/ is of longer wavelength than the respective ~y for absorption. Dissociation from the Lyman
band has a greater probability than the Werner band and various researchers have determined
these probabilities [43, 48, 52, 53, 54, 55, 56, 57, 58]. A mean dissociation probability for Hy
for a transition from the LW band for a Draine FUV radiation spectrum has been calculated as
(fa) = 0.12 [2].

For decays that don’t lead to dissociation, then the molecule de-excites through a radiative

transition to one of the excited rovibrational states of the ground electronic state of Hy through

Hy (B'S) (V) = Ho (X'SS (v, J") ++", (2.27a)
or
Hy (CMII} (V) ) = Ha (X'SS (v, J")) + 4" (2.27b)

Molecules that are in excited rovibrational levels of the ground electronic state can undergo electric
quadrupole transitions in an infrared cascade [12, 59, 60, 61, 62, 11, 1, 63]. For UV radiation fields
of sufficient intensity, then molecules in an excited vibrational level of the ground electronic state
(2 < v < 13) have the possibility of being directly photodissociated (v > 3), of being re-pumped

into an excited B'X or C'II} state, or of being directly photoionized [43, 64, 61].

2.1.3 Attenuation of Ultraviolet Radiation

The attenuation of FUV radiation decreases the destruction rate of Hy as it is absorbed or scattered

by dust particles and also by the removal of preferential photons with the Solomon process of
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dissociating Hy. With this then the attenuation term in equation (2.1) is

Jatt,u (Nu, Nu,) = fa,u(Nn) fsu(Nmu,) (2.28)

where fq7(Nu) is the total hydrogen column density dependent dust attenuation term, fsy(Nu,)
is the molecular hydrogen column density dependent self-shielding term, and Ng = Nyo + 2Ng,
is the total hydrogen column density. To find the column density, one integrates along the line of
sight which gives a projected number density contained in a cylinder of unit area. For the total

hydrogen column density this is given by

Ny = / ni(s) ds' [om™?] (2.29)

where for a planar slab intervening between the object and the detector along the line of sight
that has a fixed total hydrogen number density, the limits of integration are fss,l:(f and the total
hydrogen column density simply becomes Ny = ny s [em™2]. Aspects of the physics discussed in

this section can be found in [65, 66, 67].

2.1.3.1 Extinction due to Interstellar Dust

Interstellar dust plays an important role in the extinction of electromagnetic radiation in intra-
galactic regions especially in the visible and ultraviolet wavelength range. This section looks at
extinction due to the absorption and scattering from interstellar dust particles. The composition of
the dust ranges from graphite, amorphous carbon and silicates, to simple molecules such as water
and ammonia and to more complex structures such as polycyclic aromatic hydrocarbons (PAHs).
The absorption and scattering of FUV radiation which reduces the dissociation rate of Hy needs to
be accounted for.

The measurement of light reaching a detector is given in units of magnitude, which is defined

as a difference of 5 magnitudes is a ratio of 100 in intensity. This can be represented as

% = 100(m—m0)/5, (2.30)

where [ is the unattenuated intensity of the source, mg is the reference magnitude of the source,
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I is the intensity received by the detector, m is the observed magnitude of the source, Iy > I, and

m > my, or recast in the form

m—mo = 2.5log<1})> [mag). (2.31)

The intensity of the radiation now needs to be determined at some location in a cloud containing
dust and the following paragraph is a brief description of how the radiation is attenuated. The
specific intensity of electromagnetic radiation as it traverses space will undergo changes in the
total intensity as it is absorbed and/or emitted by the medium in question. For emission from the
medium, the change in specific intensity increases and its differential is dI,, = j, ds where j, is the
emission coefficient with units of ergecm=3s7! A 'sr7! and s is the distance in cm along the ray
path. The absorption of the radiation leads to a decrease in the specific intensity which is given

by dI, = —k, I, ds where k, is the absorption coefficient with units cm™!.

The net change in
the specific intensity after the radiation has traversed the medium and undergone absorption and
emission is

dl, = j,ds — k, I,ds [ergem 2s™ Hz tsr™!), (2.32)

Dividing equation (2.32) by &, ds, defining S, = j,/k, as a term called the source term and which
has the same units as the specific intensity, and defining dr,, = k,, ds where 7, is dimensionless and
is called the optical depth (or opacity). From this then equation (2.32) becomes what is called the

equation of transfer and is given by

1,

—2 =8, 1, Jergem s ' Hz tsr!]. (2.33)
dr,

Assuming that the medium only absorbs and does not emit radiation (S, = 0), then equation (2.33)

simply becomes
dl,

2 =1, [ergem?s ' Hz lsrl. (2.34)
dr,

To find then the specific intensity of the radiation at some optical depth into the medium one

integrates equation (2.34) from the surface of the cloud, (where the optical depth is zero) to a
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specific optical depth as

I=I / T'=T
v v, T d[ v
/ iy, _ / dr, (2.35)
=1, 1o =0

the solution of which finally gives the specific intensity into the cloud as
IL,=1,0e ™ |[erg em 25 Hz ! sr_l]. (2.36)
With equation (2.36) then the dust attenuation term in equation (2.28) becomes

fd,U(NH) = ede*U, (237)

where

Ta,u = Nuoau, (2.38)

with Ny being the total hydrogen column density, o4,y the effective cross section for dust attenu-
ation by FUV radiation, and 74 ;7 is the optical depth due to interstellar dust grains.

Extinction of light (e.g., electromagnetic radiation from the FUV to the FIR), is commonly
measured using the UBV (Ultraviolet, Blue, and Visual) photometric system which measures the
color excess, or the amount of reddening of the observed light as shorter wavelength light is prefer-
entially attenuated by dust. This color excess is represented by E(B — V') which is the difference
between observed and intrinsic values of the color index [68]. The extinction at a given wavelength
of light increases the apparent magnitude of an observed object. The difference in magnitudes can

be related to the extinction in magnitudes, Ay, as
_ Io
my —mpx = 2.5log - )= Ay [mag]. (2.39)
A

For the extinction at a given wavelength A, a relation can be made with the column density of

hydrogen. With the use of equations (2.36) - (2.39) the extinction in magnitudes becomes
A>\ = 1.086 O‘d’/\NH [mag]. (2.40)
where 04 ) is the effective attenuation cross section at wavelength .
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The ratio of the total extinction in the visual band to the color excess in the same band is
denoted by Ry = Ay /(Ap — Ay) = Ay /E(B — V), with B being measured at 4405 A and V at
5470 A [65]. The average extinction value is taken to be Ry = 3.1, based on sightlines through the
Milky Way galaxy for diffuse gas.

The ratio of the total hydrogen column density to the color excess in these diffuse Milky Way

regions was found to be [69]

Nu

m =58 x 1021 [magfl Cm72]. (241)

As seen in the previous paragraph, 1/E(B — V') = Ry /Ay, then equation (2.41) becomes,

N,
BvlNu g o102 [mag ™! cm™2), (2.42)
Ay
or for Ry = 3.1
A
2V —535%x 1072 [magem?]. (2.43)
Nu

The extinction of FUV radiation due to dust needs to take into account both the scattering of
the radiation off of the dust grains as well as its absorption by the grains. The total extinction
for a given wavelength can be given in terms of an effective cross section taking into account the

aforementioned scattering and absorption. This can be denoted by

Oex,A = Osc,\ + Tab,\ [Cm2]. (244)

The albedo represents the reflectivity of the dust particle and is given as the ratio of the scattering

cross section to the total extinction cross section with

wy = JA (2.45)

)
Oex,\

with ey being given by equation (2.44). The absorption cross section is then found from equa-
tions (2.44) and (2.45) giving

Tabr = (1 —w)) Oexn  [cm?]. (2.46)
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For the radiation that is scattered from the dust, there is some mean value that the unpolarized
light will take, its value depending on the wavelength of the radiation relative to the grain size and
the physical nature of the grain (e.g., the optical properties of the dust, such as graphites (metals)
or silicates (dielectrics) which determine the optical constants: the refractive and absorption in-
dexes; as well as the geometric structure of the grain (spherical or non-spherical). Taking a random
orientation of grains then, unpolarized radiation has only a polar component regarding the pref-
erential scattering direction. This mean value that the scattered radiation takes is the scattering
asymmetry factor and is generally denoted by the mean of the cosine of the scattered polar angle

as

2 4 d sC .
gx = (cosb)) = T / cos § 225X sin 6 df, (2.47)
0 dQ

Osc,\
where dog »/dS2 is the differential scattering cross section. At an extinction ratio of Ry = 3.1 and
an FUV wavelength of 1000 A ,the grain albedo is wigoo = 0.273, g1000 = 0.649 and ey tot,1000 =
2.11 x 10721 ¢m? [13]. For a total extinction cross section with scattering in only the forward
direction, then

Tex for, A = Textot,) (1 +wr((cos@)y — 1)) [cmg], (2.48)

from equations (2.44) - (2.47). With the values given above, oex for.1000 = 1.91 x 10721 ¢cm? which
is the same as the rounded values of Tex for1000 = 1.9 x 10721 em? in [2, 16] and Oey for.1000 =
2x1072! ¢cm? in [12]. From the save grain opacity command in Cloudy 17.01, a range of values
for oex for,w can be calculated across the Lyman-Werner photon band [70]. These cross sections
range from oex for1110 = 1.60 X 1072 ¢m? to Oexfor,912 = 2.02 X 1072 ¢m? across the LW band
with a value of ey for,1000 = 1.87 X 1072! ¢m? at 1000 A, where g ranges from gi1190 = 0.570 to
go12 = 0.559 with a value of gigg0 = 0.546 at 1000 A and Tex for, A = Osc\ (COS0)\ + 0ap \ Was used.
The wavelength specific extinction cross section is taken to be oex for,1000 = 1.91 x 10721 ¢m? as is
used in [12, 2, 16] and which is consistent with [70] across the entire LW band.

Based on the values given above, the assumption is made that the metallicity affects the dust

to gas ratio in a linear relation so that [2, 16]

oqu =191 x1072'Z  [em?], (2.49)
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where oy for,1000 is denoted as o4 ;7 and Z is the metallicity relative to solar values, Z5. Normalizing

equation (2.49) as a standard Galactic value gives [16]

5= o4,
47101 x 1072 cm2’

(2.50)

2.1.3.2 Line Profiles

The physical process of photodissociation removes photons that would be capable of photodissoci-
ating other additional Hs molecules. The removal of these photons is called self-shielding and it’s
net effect is to reduce the flux of FUV that would be available for the destruction of Hy molecules.
This is represented in the second term of equation (2.28), fsr(/Nu,), and a brief description of how
this process attenuates the FUV radiation field follows in § 2.1.3.3. This section describes some of
the underlying physics of line absorption cross sections and equivalent width.

The attenuation of radiation due to absorption by molecular hydrogen has the same form as its
attenuation due to dust, i.e. equation (2.36). As radiation is absorbed by a particular rovibrational
line, it reduces the flux of radiation at the specific frequency that makes up that transition. This
equation is given by

I,=1I.e™ Jergem 2s ' Hz 'sr!] (2.51)

where I, is the frequency dependent specific intensity of radiation that is detected, I. is the intensity
of continuum radiation across all wavelengths received by the detector, and 7, is the opacity due
to absorption of the radiation at the rovibrational transition frequency, v. Equation (2.51) is
often given in terms of the line and continuum fluxes that are observed and it becomes F, =

2

F.e ™ ergem™2s~ L. In either the intensity or the flux case, the optical depth, 7, varies from the

opacity due to dust. Here, it is given by

T, = a, Ng, (2.52)

or in an expanded form as

T = a f ¢y Nu, (2.53)

where as mentioned in equation (2.23), a, = a f ¢, cm?s ! Hz™! and a = me?/m.c cm?s™ 1.
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The a, term is an absorption cross section for a specific rovibrational transition frequency. This
cross section represents the line strength of the transition and the three terms that make up the
absorption cross section are discussed briefly below.

The oscillator strength, f, is a dimensionless measure of the intrinsic strength of the transition.
Fach transition has a different value for the oscillator strength, which can be given in terms of the
Einstein induced transition coefficient, B. For a transition from a lower energy level i, to a higher

energy level j, the absorption oscillator strength is given by

——Bij, (2.54)

257!, the energy difference between

where the total atomic absorption coefficient is a = 7e? /m.c cm
the levels 7 and j is F; — Ej; is represented by the photon with the same energy as hv;;, and the
Einstein induced absorption coefficient, B;; [sg™!].

The ¢, term is the line profile function, or also called the line broadening function, and has
units of Hz~!, or equivalently s. This profile represents the shape of the absorption curve about
a given frequency. If one assumes that there is no broadening to the function at all, then the line

function would be given by

b, =06(v—ry) [Hz Y, (2.55)

such that ¢, = 0 for v # v;; and fooo ¢y dv =1 (normalization). This is an idealization of the profile
function and there are effects that cause the line to broaden out so that absorptions away from the
natural oscillation frequency of the molecule can occur. The main causes of line broadening that
are considered here are natural broadening and doppler broadening.

The theoretical development of line formation was based on a classical model of a driven un-
derdamped harmonic oscillator. The natural frequency of the system is given by the transition
frequency and the radiative losses of the electron due to this oscillation is the damping portion of

the differential equation that models the motion. This differential equation is

me% + mevs + mewdz = eEe™t  [dyne], (2.56)

where the second term is the damping force, the third term is the restoring force, the fourth term
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is the driving force, m, is the mass of the electron, e is the fundamental unit of charge, and F
is the magnitude of the incident electric field. The damping force term represents the radiative
loss of energy from the accelerating electron due to its oscillatory motion. Based on classical

electromagnetic arguments, the damping constant can be shown to be

8w me? 13

== Hz). 2.
1= e W (2.57)

The restoring force term is the response to the resonance that occurs when a spring is acted upon
about its natural frequency. This is an analog of the absorption of radiation by the molecule at the
transition frequency, where the angular frequency wy = 27y, is the natural angular frequency of
the oscillator. The driving force term is the interaction of the electric field on the charged oscillator.
The sinusoidal exponential term contains the angular frequency of the incoming electromagnetic
wave, w. Thus this model is representative of an oscillating electric field of angular frequency w
interacting with a damped harmonic oscillator of natural angular frequency wy.

¢

Using classical electromagnetic theory, it can be shown that if a solution of the form z = zpe™

is assumed for equation (2.56), then

2

_ (e 3/ (47%) I
“¢”‘(mec> w2+ (jame M HE) (2.58)

where ¢, = % Hz~!. This function is called a Lorentzian profile and has a peak where
v = vy, centered about vy. Since this is a classical treatment, a modification needs to be made so
that there is a quantum mechanical analog to equation (2.58). For an electron that is in an excited
state, the lifetime before decay occurs is finite, thus there is an uncertainty in the width of the
energy levels between states. Heisenberg’s uncertainty principle gives this relation as

AE ~ I [erg]. (2.59)

7

where 7; is the lifetime in level j. Due to this, the classical damping constant is given in terms of
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the Einstein spontaneous emission coefficient, A;;, and,

k<i k<j
The quantum mechanical modification to natural broadening then modifies the Lorentz profile

so that the Lorentz profile of the classical harmonic oscillator is then modified to its quantum

mechanical analog as
p B I'/(472)
T (v = w)? + (T /4m)?

[Hz '], (2.61)

where the normalization condition fooo ®uLor dv = 1 has been imposed.

Further broadening of the absorption line profile occurs due to the random thermal motion
of the molecules as well as the bulk motion of the gas. Generally for most interstellar clouds,
thermal motion dominates the broadening features. The broadening of absorption lines is caused
by the Doppler shift of the absorption frequency due to line-of-sight motion of the molecules. The

frequency shift that occurs due to the Doppler shift is given by the non-relativistic Doppler formula

vV —1 Up
==, 2.62
” . (2.62)

where v is the frequency of absorption in the observers frame of rest frame, v is the frequency of
absorption in the molecular rest frame, v, is the radial velocity of the molecule with respect to the
observer, and ¢ is the speed of light.

Assuming thermal motion only and ignoring the turbulent motion of the cloud, then the most

probable speed in the radial direction is

2kT
b=/ -1 2.63
o [cms™], (2.63)

where k is Boltzmann’s constant, 71" is the kinetic temperature of the gas, and m is the mass of the
molecule. For molecules with a velocity given by equation (2.63), a Maxwellian distribution gives

a range of radial velocities between v, and v, + dv, as

d Lt 2.64
fUr Vyp = FT VUp. ( . )
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If turbulent motion of the gas is considered, then this contributes an additional velocity component

to the Doppler parameter. The Doppler parameter, equation (2.63) is modified to

u=\u} +u? [ems'], (2.65)

where wug, is the thermal velocity given by equation (2.63) and uy, is the turbulent velocity of the
gas. For a Gaussian curve, which describes the Doppler parameter, then b = v/20 where o is the
standard deviation. A quantity called the Doppler width can be defined such that Avp = 1 (b/c)
s~!, from which it can be shown that v,/b = Av/Avp. Then with consideration that a fraction of
the intensity that is absorbed over a narrow strip dv vs. dvp over all of the absorption lines, gives
a Gaussian, or Doppler profile:

1 e—(AIJQ/AVQD)

= — z 1 .
¢V,D0p - ﬁ AVD [H ]7 (2 66)

o o A
where the normalization condition | A::fooo

®u.Dop dv = 1 has been imposed.

Since there are two line profile functions, given by ¢, 1o and ¢, pop, the natural (damping)
broadening function (Lorenztian), and the Doppler broadening function (Gaussian) respectively,
they need to be combined to get a single profile function. This is a convolution of the two aforemen-

tioned functions, which is called Voigt function. Performing this convolution, gives the absorption

profile cross section

= (LN (8) [ gy el (2:67)

where u = (v — 1p)/Avp, w = I'/(47 Avp), and y = Av/Avp. The convolution of the Lorentz

and Doppler profiles is given by

H(w, u) = <F> /_ :o (u_‘;_)iuﬂ dy (2.68)

where H(w,u) is the Voigt profile.
The Voigt profile is dominated about the line center, v ~ 1y, by the Doppler portion of the

convolution function, and is known as the Doppler core. As larger frequency shifts are considered
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away from the line center, the Gaussian (Doppler) portion dies off faster than the Lorentzian
(natural) component and the absorptions become more significant in the line wings.

The total strength of a given absorption line is given by the amount of flux that is removed
about the center of the line versus the flux from the radiation field. In practice the shape of the line
profile may not be resolvable but the amount of absorbed flux can be determined. The frequency
equivalent width is a method for converting the amount of absorbed flux from a line profile shape

to a rectangle with the same area. Mathematically this is given by

W, = /OOO <1 - l;) dv  [Hz], (2.69)

where F,, is the flux at the line frequency v, F, is the flux of the continuum. The integrand is called
the line depth and is defined as A, = 1—F),/F,.. The continuum flux can be considered as a constant
about the narrow frequency range of a line. Equation (2.69) is also given in wavelength equivalent
widths, velocity equivalent widths and as normalized equivalent widths. From equations (2.51),

(2.53), and (2.69) the equivalent width can be given in terms of the optical depth as
W, = / (1—e™)dv [Hz]. (2.70)
0

For the optically thin case, 7, < 1, the equivalent width can be approximated by

W, ~ <M>W [Hz), (2.71)

MeC v

where f;; is the oscillator strength between levels ¢ and j corresponding to the absorption frequency

v. Denoting the optical depth at line-center as

(2.72)

where a = me?/m.c. Equation (2.71) can then be written to first order as W, ~ /7 (b/c) 79. From
equation (2.71) it can be seen that the equivalent width is directly proportional to the column
density as W, oc IV;. This is called the linear portion of the curve of growth. As the column density

increases, the absorption of photons at the line center becomes saturated and Doppler broadening
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becomes the dominant part of the line profile. The equivalent width in this optically thick (79 = 10)
region is approximated as

Wyz%b In (ro/In2) [Hzl. (2.73)

This is called the saturated (or flat) portion of the curve of growth as it is proportional to v/In N;.
As 19 increases further, the Doppler core is completely saturated and the "damping wings” of the
Lorentz profile are the only optically thin regions. In this region it is assumed that only the Lorentz

profile determines the line profile and then the equivalent width becomes

W, = /ZC’JOEFVJ [Hz]. (2.74)

This is called the damped (or square-root) portion of the curve of growth as the equivalent width

is proportional to v/V;.

2.1.3.3 Self-Shielding of Molecular Hydrogen

The effects of the processes discussed in § 2.1.2 and 2.1.3.2 diminishes the FUV radiation field needed
to dissociate Hs, as the radiation is absorbed in the transition lines. This decreases the radiation
that is available to photoexcite Hs into the Lyman-Werner bands necessary for photodissociation.
Since the line absorption strength is a determinant of the equivalent width for that line, then the
relative attenuation that occurs (relative to there being no attentuation) as the FUV radiation
traverses the cloud is proportional to the derivative of the equivalent width with respect to the

attenuating column density. This can be written as [9, 10]

-1
71'@2 ) dWij (2‘75)

s(V) ) =\ —Jij )
f( Hz V) <mecf] dNHg,i

where W, ;; is the frequency dependent equivalent width given by equation (2.69) and Ny, ; is the
column density of molecular hydrogen in the initial rovibrational level i. From equation (2.69) it
can be seen that

fs(Np,,v) <1 (2.76)

27



At low column densities the line absorption is optically thin and if there is assumed to be no
coincidental overlap between absorption lines then equation (2.75) is a good approximation to self-
shielding [12]. As column densities increase and absorptions start to occur out in the Lorentzian
damping wings, overlap between nearby lines may occur and the self-shielding function needs to be
modified from the form of equation (2.75). A more accurate equation for the self-shielding function

is given by [12]
0965 0035 6(785X10_4(1+$)05)

(I ta/bs)? (14 2)05 : (2.77)

Js,u(Vu,) =

where * = Ny, /(5 x 10 em~2) and b5 = b/(10° cms~!) where b is the Doppler parameter,

equation (2.65).

10-1 —— Self-shielding

10—4 .

10—7 .

10—10 4

1:a tt, U

10—13 4

10—16 4

10—19 4

10_22 T T T T T T T T
10 10® 10° 10° 10% 10'* 10%® 10% 10%

Ny, Column Density (cm™2)
Figure 2.1: The self-shielding function given by equation (2.77)
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2.1.4 Molecular Hydrogen Formation

The formation of molecular hydrogen occurs through two main pathways. The first discussed here
is the formation of Hy though mechanisms in the gas-phase chemistry. The second is its formation

on dust grains, a process known as grain-catalyzed Ho formation.

2.1.4.1 Formation in the Gas Phase

As was discussed in § 2.1.2, the direct formation of Hy via radiative association

H+H=Hy+~ (2.78)

has an extremely slow reaction rate (< 1072 cm®s™!) due to the forbidden transition by the

AS = 0 selection rule [14, 39]. The three-body reaction

H+H+H= H,+H, (2.79)

with the H atom carrying away the energy of formation as kinetic energy is another possible
mechanism to create Hy however this mechanism has a negligible rate to occur in typical molecular
cloud densities. Another mechanism is the two step reaction involving the H' ion (proton). The
first is by radiative association

H+H" = Hf +7, (2.80a)

followed by charge transfer

Hy +H=Hy+HT, (2.80b)

3571 and so is also an

however the former reaction has a rate coefficient of k ~ 7 x 10720 cm
insignificant route of Hy formation [71, 72].
In gas-phase chemistry with low metallicity, the dominant pathway to the creation of Hy is by

the two step reaction involving the H™ ion. The first is by radiative attachment

H4e = H +7, (2.81a)
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followed by associative detachment
H +H=Hy+e . (2.81b)
The rate of formation of Hy via this channel in a low ionization environment can be given by [73]
Ry, =8x 1072, 3T9%  [em®s™], (2.82)

where z. = n./(1073ny) is the normalized ionization fraction and 73 = T/(1000 K). In clouds
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with a temperature of 7'~ 100 K this gives a formation rate constant Ry- .y, ~ 1071 cm?s

2.1.4.2 Formation on Dust Grains

For the formation of molecular hydrogen to occur at faster rates, a different mechanism than gas-
phase chemistry is needed. The idea of forming Hs on the surface of dust grains was put forward as
an alternative mechanism [14, 74]. Further elaboration on the rates of grain-catalyzed Hg formation,
including theoretical, numerical, and experimental methods has been discussed by various authors,
some of which include [15, 34, 75, 76, 77, 78, 79, 80, 81, 82, 83] with a summary of these topics
given in [84].

Formation of Hy on the surface of dust grains occurs when an HY atom strikes the surface of
a dust grain and sticks to its surface. A second hydrogen atom then approaches the adsorbed H°
atom and in doing so forms an Hs molecule which leaves the surface of the dust grain. There are
two types of mechanisms that allow dust grain surfaces to be used as heterogenous catalysts in the
formation of hydrogen molecules from HY atoms. In this way it may be considered as a three-body
reaction:

H + H + grain = Hj + grain (2.83)

The first way that Ho can be formed on dust grain surfaces is called the Langmuir-Hinshelwood
(LH) mechanism. In this process an H? atom is physisorbed on the surface of the dust grain and is
loosely bound to its surface by electrostatic attraction (e.g., Van de Waals forces). The bound H°
atom is considered to be able to migrate by a random walk across the surface of the dust grain. If

another hydrogen atom leaves the gas phase and also becomes adsorbed to the surface of the dust
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grain, it too can migrate about the surface of the dust grain and if it comes close enough to the first
physisorbed H° atom, they may form a molecule of Hy and leave the surface of the dust grain. The
formation of Hy by this mechanism is allowed versus the gas-phase formation mechanism because
the excess energy of formation, up to its ground state binding energy of 4.478 eV, can be given to
the dust grain lattice as thermal energy. The ejection of Hs from the dust grain surface often leaves
it an excited state which will then re-radiate in an infrared cascade.

The second way that molecular hydrogen is formed on the surface of dust grains is the Eley-
Rideal (ER) mechanism. In this mechanism, an H° atom is chemisorbed from the gas phase into
sites on the dust grain surface. This binds the hydrogen atom into a lower potential well than
being physisorbed. Because of the deeper potential well in chemisorption, the grain can be of
higher temperatures than those in the LH case, however this limits the ability of the chemisorbed
hydrogen atom to move about the surface and it needs to quantum mechanically tunnel between
neighboring potential wells. Formation of Ho occurs in this case by the reaction of a chemisorbed
H° atom with a gas-phase hydrogen atom where energy is lost to overcoming the potential barrier
of the well, the excitation (heating) of the dust grain lattice, rovibrational excitation of the Hy
molecule, and the kinetic energy of the hydrogen molecule.

In either formation mechanism, the idea is that H? atoms become either physisorbed or chemisorbed
on the dust grain surface and will form Hs before they are desorbed from the dust grain surface by
thermal excitation from the dust grain, or by an external radiation field. The energy of formation
is given up as heat to the dust grain, excitation of the Hs rovibrational levels, and to the external
kinetic energy of the molecule.

The formation rate of Hy on the surface of dust grains is dependent on a number of factors.
These include the nature of the material that makes up the dust grain, the probability that an initial
H° atom sticks to the surface of the dust grain, the probability that an adsorbed H® encounters
another H? atom, the thermal speed of the hydrogen atoms in the gas-phase, the temperature of the
dust grain, the number density of dust grains, the number density of H? atoms, and the effective

cross section of the dust grain. The Hy formation rate on dust grains can then be given as

dnH%d
dt

- %S(T, Ty)n (a) (vgo) ngo . Jem™3s71], (2.84)
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where the factor 1/2 represents the fact that two H® atoms are required for the formation of one
hydrogen molecule, S(T,Ty) is the sticking factor, which represents the probability for a hydrogen
atom of temperature 7' to be adsorbed on the surface of the dust grain with temperature Ty, 7 is
the probability that an adsorbed HY atom will interact with another H® atom and form a molecule
of hydrogen, (o4) is the mean effective surface area of the grains in units of cm?, nyo is the number
density of H” atoms in the gas phase and (vgo) is the mean thermal velocity of gas phase HY
atoms. The sticking factor will be denoted by S(T,Tq) — S where the gas-phase temperature
and the dust grain temperature is implicit. Based on a Maxwell-Boltzmann distribution the mean
thermal velocity of the gas-phase H is

(o) = (22 )1/2 fems~1), (2.85)

7TmH0

where myo is the atomic mass of HO.

In order for Hy to form on the surface of dust grains, H’ atoms must be able to be adsorbed
and bind with another hydrogen atom to create a molecule of hydrogen before they are ejected
from the dust grain surface. This means that the rate of adsorption exceeds the rate of desorption
on the dust grain surface as

S{oq) (Vg0 ngo > v e 9ads/ kT (2.86)

where (0q) is the effective average surface area per grain, vy is the frequency of surface vibration
of an adsorbed atom and g¢,qs is the adsorption binding energy. From this then there is a critical
dust grain temperature below which Hs formation can take place as its formation rate is greater
than the thermal desorption of the H? atoms. The maximum critical dust grain temperature is

thus [75, 79]

Tae < 2 (g )| W (287)

This shows that the greater the adsorption binding energy ¢.qs, the greater temperature that a
dust grain can have. The Eley-Rideal mechanism which involves the chemisorption of H? atoms is
favored over the physisorption involved in the Langmuir-Hinshelwood mechanism.

The grain-catalyzed rate of formation molecular hydrogen can be cast into a simplified form by
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combining the terms

Sn=e, (2.88)

which represents the formation efficiency of molecular hydrogen. The mean surface area of the

grains can be given as

(04) :/CZ;dﬂ'aQ da [em?]. (2.89)

Combining equations (2.85), (2.88) and (2.89) into equation (2.84) gives

d?”LH2 d

T Rangong [em 3s71, (2.90)
where the formation rate coefficient is given numerically as
Ry =7.3x10"¥T2¢ [em®s™!]. (2.91)

At a gas-phase temperature of T'~ 70 K and assuming an € ~ 0.5 gives [85]
Rqy=3x10"1" [ecm®s71]. (2.92)

If it is taken that the formation rate coefficient is dependent on the square root of the gas
temperature and that the formation efficiency scales with the dust grain cross section, then the Ho

formation rate on dust grain surfaces can be recast as [2, 16]
Ry=3x10"8TY254 [em®s7!], (2.93)

where &4 is normalized dust grain cross section, equation (2.49). If a fixed gas temperature of

T =100 K is assumed, then equation (2.93) can be given as
Ry=3x10""754 [em®s™, (2.94)

so that only the normalized dust grain cross-section G4, enters as a parameter.
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2.2 Steady State FUV Field Creation - Destruction of Molecular
Hydrogen
Starting with equation (2.1) which can be rearranged to give

I 2.95
n, 9 Rd ny fatt,Ua ( )

which is the dimensionless ratio of the atomic hydrogen to molecular hydrogen number densities
given in terms of the attenuated Ho FUV dissociation rate to the Hy formation rate. The coefficient
1/2 is inserted to account for the decrease in surface flux of the free space FUV radiation field
when an optically thick gas slab is inserted and the incident FUV radiation field is considered
to be beamed. This discussion on the relation of flux in beamed and isotropic fields is given in
§ 2.1.1. The free space dissociation rate, Dy, is the product of the the mean weighted photon
flux in the LW-band (912 - 1108 A) and the total Hy dissociation cross section and has a value of
Dy = 5.81 x 10~ s7! in a unit Draine FUV spectrum [2], Ry is the molecular hydrogen formation
rate coefficient on dust grain surfaces and is given in equation (2.93). The attenuation term, fatt u
accounts for a decrease in the free space dissociation rate due to the self-shielding of molecular
hydrogen and the extinction of LW-band photons on dust grains given by equation (2.28).

The free space dissociation rate given above will be used so that, Dy = 5.81 x 107! s7! for a
unit Draine LW-band FUV-field, which can then be given as the product of an integrated photon

flux over the LW-band given in Table A.4 and an effective dissociation cross-section per photon

Dy =Quwoug [7']. (2.96)

This dissociation rate is scaled to the unit free space FUV radiation field in the LW-band, given as
Iy =1, so that

Dy =581 x 107" 1y [s7Y. (2.97)

From equation (2.96), an effective dissociation cross section per photon in the LW band can be
given by
ovg =281 x107*® [ecm? photon™!], (2.98)
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where a photon flux of Qrw = 2.07 x 107 photoncm™2s~! was used. This effective cross-section

takes into account that only a fraction of the absorbed LW band radiation leads to a dissociation,
a mean value of which can be taken to be (fy) = 0.12 [2]. Thus the effective cross section for
absorption is approximately an order of a magnitude greater than that shown in equation (2.98).
The dimensionless ratio of the unattenuated Ho FUV dissociation rate to the Hy formation rate
is defined as o where [11]
Dy

= . 2.99
= Room (2.99)

In terms of the photon flux and the total cross section over the LW band this is then

Dy _ Quw ou,Q (2.100)

Rang Rang

Substituting in equations (2.93) and (2.97), and using a fixed gas temperature of T'= 100 K give
[16]
a =194 x 10°

P (2.101)
where 4 comes from Rq =3 x 1071764 cm3s™! at T = 100 K and is given by equation (2.50). In
this form « is dependent on the ratio of the scaled Draine FUV spectrum to the total hydrogen
number density and the normalized galactic dust cross section. As a comparison, « can also be

written in terms of the FUV flux over the LW band. Since [y is the unit Draine field and from

equation (A.44) and Table (A.4), then Iy = (Fiw/3.99 x 107%) ergem 257! and,

o= 4.85 x 109 LW (2.102)
04Ny

In this case the free space dissociation rate was given in terms of the FUV energy flux over the LW
band as

Dy =146 x 1077 Fiw  [s71]. (2.103)

The dimensionless FUV attenuation function A is defined as

0.965 0.035  (_g5x10-4(142)05)) s
A= fou(Nu) fau(Nu,) = <(1 o6 T T 2 e(~8:5x107(1+2) )>e U, (2.104)
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where the terms x and b5 were defined below equation (2.77) and 7q s is given by equation (2.38).
This represents the attenuation of the FUV radiation field due to self-shielding of Hs, and the
extinction of the radiation on dust grains. Again the notation is adopted from [2]. The value of
A is dependent on both the molecular hydrogen column density and the total hydrogen column
density, with the self-shielding term being dependent on Ny, and the dust absorption term being
dependent on Ny, and is implicitly dependent on the normalized dust grain cross section 4 in the
Tq,u term.

Combining equations (2.99) and (2.104) leads to

oA = Dy fsu(Nu) fau(Nu,) _ Quw ou fsu(Vu) fd,U(NHg)' (2.105)

Ryny Ryny

Thus, aA represents the ratio of the attenuated (due to self-shielding and extinction) Hy dissociation
rate per hydrogen nucleus and the free space Ho formation rate.

Using equations (2.38), (2.101), and (2.104) casts «A into the form

ad = 1.94 x 100_1U ( 0965 009 e(8~5X104(1+@°‘5)>6T¢U, (2.106)
nyg oq

ga\(1+xz/b5)%2 (14 2)05

asin § 2.1.3.3, where x = Ny, /(5 x 10 ¢cm™2) and b5 = b/(10° cms™!). In this form it can be seen
that oA is dependent on the ratio of the multiple of a normalized free-space Draine FUV radiation
field per hydrogen nucleus Iy /ny, to the normalized dust grain cross section &4, attenuated by
terms dependent on the molecular hydrogen and total hydrogen column densities, Ng, and Ng
respectively, as well as a normalized dust grain cross section 4 implicit in the optical depth term

74,v- In terms of the FUV LW-band flux, equation (2.106) is given by

ad = 4.85 x 1071V ( ( 0965 003 e<8~5X10‘4<1”)°‘5>)6T¢U. (2.107)

ny (}d 1+£C/b5)2 (1 +33)0'5

The ratio of atomic-to-molecular hydrogen for an attenuated FUV radiation field can then be given

as

nHO

_ %aA. (2.108)

NH,

The modeling of these density profiles is done in §4.2.
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The attenuation function A is a complicated function of the total hydrogen column density Ng.
An analytic fit to this attenuation function that is parameterized by the normalized grain cross
section is given by [16]

(2.109)

G =30x10"5, < 9.9 )0-37

1+8.954

and is fixed for a given 54. Combining equations (2.101) and (2.109) gives an analytic approximation

to the shielded atomic-to-molecular hydrogen density ratio ngyo/nm, as [16]

aG = 59 (i;’l) (H%_ggﬁ)w, (2.110)

and in terms of the LW-band flux this then becomes

(2.111)

aG =15 x 10° (FLW) ( 9.9 >0.37

nH 148904

The model used in this dissertation calculates A instead of the parameterized form G. The aG
term will be used in order to pick an « for input into the model. From this then Fiy/nm can be

determined. Comparisons between these models is given in §4.2.
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Chapter 3

XDR - Model

3.1 Physical Processes

The basic equation for the creation-destruction of Hy in steady state, isothermal, non-turbulent
conditions with a low ionization fraction (z. < 1073) for a beamed hard X-ray spectrum radiation

~

field into an optically thick plane parallel slab is given by
1
Rqn(H®) n(H) = 5 Dx fawx n(Hy) [em™3s™1]. (3.1)

Similar to equation (2.1), the left side of equation (3.1) represents the formation rate per unit volume

3

of Hy cm™3s7!, and conversely, the right hand side is the destruction rate per unit volume of Hy

with the same units. The volumetric formation rate of Hs is dependent upon the formation rate

3571 the atomic hydrogen number density n(H°) cm™3, and the total hydrogen

coefficient Ry cm
nuclei number density n(H) em™3. The factor of 1/2 comes from the reduction in the surface flux
density of a total free-space radiation field when an optically thick semi-infinite slab is inserted
and the impinging field is considered to be beamed. The volumetric destruction rate of Hy due
to a hard X-ray radiation field (HXR) depends on the free space destruction rate Dx s~!, the
dimensionless depth dependent attenuation of the radiation field f,¢ x, and the molecular hydrogen
number density n(Hs) cm™3. The number densities n(H?), n(Hsy), and n(H) shall be denoted by

ngo, MH,, and nyg respectively. The total hydrogen nuclei number density is conserved so that

nyg = ngo + 2nmy,.
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3.1.1 Hard X-Ray Radiation Field

The radiation field due to hard X-rays (HXR) can come from a variety of sources that exist in
astrophysical environments. These X-rays are generally classified by a spectrum that has an energy
of greater than 1 keV. Sources of these X-rays range from accretion onto compact objects, supernova
shocks, radiation surrounding T Tauri stars and active galactic nuclei.

The energy deposition to the cloud is determined by the amount of radiation transferred into

kinetic energy of matter. This energy deposition rate is then given by

Emax
HX:/E‘ opa(E) F(E)dE  [ergs™']. (3.2)

Ignoring the rate of primary photoionizations compared to the rate of secondary ionizations due to

the primary photoelectron, the total hydrogen ionization rate is then
CX =~ Nsec($e) Hx [S_l}- (33)

A detailed analysis of the spectrum of a hard X-ray field was provided by Maloney et al. [3].
This section is an outline of the derivation they used in determining the energy deposition rate, and
hence the ionization rate of atomic and molecular hydrogen due to the aforementioned spectrum.
It will also be the spectrum that is used for the perturbation in this dissertation. We denote the
number of secondary ionizations produced with a regular text capital N to demarcate it from the
italicized IV used to denote column density.

A flux of high energy X-ray photons that enter a molecular cloud are attenuated through the
preferential photoionization of the lowest energy photons in the spectrum. This is due to the cross-
section for both photoelectric and Compton scattering to have an inverse dependence on the energy
of the incident X-ray. For X-rays with an energy of E < 4 keV the interactions are dominated by
the photoelectric effect. As the energy of the X-ray increases into the 4 keV < E < 10 keV Compton
scattering becomes more predominant and dominates when E 2 10 keV [86]. At an X-ray energy
of greater than 1.02 MeV, pair production is capable of occurring but is not of a concern in this
analysis. The SED is structured so that X-rays of an energy less than 1 keV are attenuated through

-2

a column density of Ny ~ 10%? cm™2. For the purposes of the perturbation model used in this
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dissertation, the spectrum is considered to be only in the 1 - 100 keV range and that no attenuation
of photons of less than 1 keV need occur.

The spectral energy distribution shape is assumed to be a power-law so that the spectral energy
distribution is given by

FE
1keV

Fx(E) = Fyx < > o [ergem ™2 st keV ™1, (3.4)

where Fly is the incident X-ray flux into a cloud, Fy x is the initial X-ray flux at 1 keV, and ax
determines the spectral index. In this case the spectral index will be chosen to be ax = 0.7 [87].

The X-ray flux incident on the cloud then is attenuated through an optical depth such that
F(E) = Fx(E)e ™) Jergem™2s ' keV ], (3.5)

where 7x (E) = ox(F) Ng is the energy dependent optical depth, ox (E) is the relevant cross section
at solar metallicity for a photoionizing photon of energy E traversing an attenuating hydrogen
column Ny, and F(E) represents the local X-ray flux per keV.

A beamed field of normally incident X-ray photons is assumed where the total photoionization

rate of hydrogen is given by

X = / o FEEE) [011(E) + 0pa(E)(E — En)Neee(E, z)|dE [s7'], (3.6)
Erin

This represents the ionization rate due to both primary and secondary ionizations. Here oy (F) is
the photoionization cross section of hydrogen and op,(E) is the X-ray photoelectric cross section
due to all elements per hydrogen nucleus. E — Ey, energy difference between the incoming X-
ray and the threshold energy of the ionization potential for a cross section at energy E. The
number of secondary ionizations per unit energy of hydrogen that are produced by a photoelectron
from a primary photoionization is given by Ngec(F,z) which is a function of the energy of the
photoionizing X-ray and the ionization fraction, x.. The probability that a photon has an energy
in the interval dFE is given by dE/E. There are a few simplifying approximations that are made
in order to make the integral more tractable. The first approximation is that the hydrogen cross-

section is on the order of 10 - 1000 times smaller than that of all elements combined over the
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1 - 100 keV energy range [86]. The second is that the secondary ionization rate of hydrogen due
to photoelectrons is significantly greater than the primary photoionization rate and that both of
these then lead to ou(F) < 0pa(E) (E — Ein) Neee(E, ). The third approximation is that the
energy contribution due to Auger electrons is equivalent to the photoionization threshold energy
which leads to £ — Eiy, + Eag = E [3, 88]. Finally the fourth is that the number of secondary
ionizations is independent of energy per keV and is only dependent on the ionization fraction such

that Ngec(E, ze) = Ngec(ze). With these simplifying approximations in place equation (3.6) becomes

Emax

Cx =~ Nugele) /E " F(B) opa(B)E 5. (3.7)

The photoionization cross section per hydrogen nucleus for 1 - 100 keV X-ray photons is then split

into a power law fit that is inversely proportional to the energy
opa(E) =0x(E/1 keV)™7 [cm?], (3.8)

where ox = 2.6 x 1072 cm? for 1 < E < 7keV and oy = 4.4 x 10722 ¢cm? for 7 < E < 100 keV
and v = 8/3. The difference at 7 keV is due to K-shell interactions with Fe. The value used in the
model is ox = 2.6 x 10722 cm? [3].

Substituting equations (3.4), (3.5) and (3.8) into equation (3.7) gives

Emax
G = Nuwladox Fox [ (B/UKV) (/L V) X P [, (39)
Emin

where the energy deposition rate in equation (3.9) is given by

Emax
Hy ~oxFox / (E/1 keV) " (E/1 keV) e ™XEVGE  [ergs™!]. (3.10)
Emin

The attenuation term is energy dependent as 7x(F) = ox(F)Nyg. A change of variables is now
made such that u = 7x E, 7 where E, = (E/1 keV) and 7x is the optical depth over the HXR
spectrum so that e~ x(B) e, 7x = ox Ny, and ox = 2.6 x 10722 cm?. The differential then

becomes dE = —T)zl y1 E,;VH du, and the limits of integral go as fE mex qu’ma". Making these

min UE min

41



substitutions into equation (3.10) then gives

F Umax o B
Hy ~ gxrox O’X/ E, (ax=1) gu gy, [ergs_l], (3.11)
VTX u

min

where Umin = UE max and Umax = UE min. Note that the limits of integration flipped from equa-
tion (3.10) — (3.11) since dE o< —du. Substituting Ejy = (u/7x)~ "7 into equation (3.11), Hyx
becomes

F Umax
Hx ~ Ung%f/ uetdu [ergs™!] (3.12)
")/TX U

where ¢ = (ax —1)/7.
The integral in equation (3.12) represents the total energy dependent attenuation of the HXR

field over the energy range being considered up to a column density Ng. Its form is of the generalized

incomplete gamma function. The upper incomplete gamma function is represented by

o0

Fp+1,2)= / u®e " du. (3.13)

T

The integral in can then be represented by the difference of upper incomplete gamma functions !

and will be defined as

o0

S(rx) = (6 + 1, tmin) = T + 1, thmas) = /

Umin

o0
ue™" du — / u®e "du, (3.14)
Umax

where tmin = 7xE} |, Umax = TxE, |- Ejmax = 100 keV, Ej nin = 1 keV, and gamma is the
energy proportionality of photoionization cross section of Fj = 1 keV.

Thus the energy deposition rate from the hard X-ray spectrum, equation (3.12) becomes

ox S(7x)

HX ~
Y 7';?_1

Fox [ergs™]. (3.15)
Further details on the attenuation of the HXR spectrum S(7x)/ T§+1 and its effect on the energy
deposition rate Hx is given in Appendix B.

The integrated X-ray flux over the 1 - 100 keV at the cloud face is given by integrating the

! This can also be represented as the difference of lower incomplete gamma functions where v(¢ + 1,z) =

foz u¢67udu so that ’Y(¢ + 1’ Umax) _ 'Y(d) + 1’ Umin) — foumax u¢67“du o foumin u¢eiudu.
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X-ray SED, equation (3.4), and is given by

Ek,max
Fx = F07X/ E, °XdEy [ergem %571, (3.16)
Ek,min
where Ej has been normalized to 1 keV as mentioned earlier. Denoting the integral by F,, ., the
energy deposition rate in terms of the 1 - 100 keV X-ray flux becomes
ox S(tx) 1
Hyx ~ Fx lergs™ ], 3.17
Tl 10
where
El—()éX _ 1_OfX
k,max k,min
Foy = i—-ax* (ax #1)
Elmax
Foy = 1n<’“’m> (ax =1). (3.18)
E%mmx
The energy deposition rate per hydrogen nucleus can be given as
H S F
Ax . _ox S(x)Fx [ergem®s™1]. (3.19)

nua Y Fay T;;H nH

For a source of X-ray radiation with a given luminosity of Lx ergs™!, the flux is found through
the relation Fy = Ly /4mr? where r is the distance from the source to the point in question.
The ratio of the photon luminosity to the total number density of hydrogen nuclei is given by the

ionization parameter [89]
_ Ix
nHr2

[ergems™ . (3.20)
Relating the ionization parameter, equation (3.20), to the photon flux gives

__4WFk

nH

13 [ergems™ . (3.21)

With this, the ratio of the energy deposition rate per nuclei in terms of the ionization parameter is

now

Hx ox S(rx) 3 1
I T . 3.22
e NS £ lergem’s™ ] (3.22)
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3.1.2 Molecular Hydrogen Destruction

Now that the energy deposition rate has been found, the rate of total hydrogen ionization, equa-
tion (3.3), can be returned to. For low ionization fractions, z, < 1073, the amount of energy from
primary photoelectrons that goes towards the ionization of secondary electrons is on the order of
40%. This is the case for both atomic and molecular hydrogen [3, 88, 90]. As such the ionization
rate equation is modified by the fraction of energy that is deposited as secondary ionizations, f;.
This low ionization fraction is necessary for the destruction of molecular hydrogen by secondary
electrons to be efficient. When ionization fractions start to increase, the kinetic energy of the non-
thermal electrons is given up to the thermalization of other electrons due to Coulombic interactions.
The pathway to molecular hydrogen destruction by the interaction of secondary electrons begins

with the creation of a dihydrogen cation in the ionization reaction

Hy+e=Hj +e+e. (3.23)

The Ho+ ions are then removed from the gas in the proton transfer reaction with He to create the
trihydrogen cation

Hy +Hy = Hi +H. (3.24)

The removal of H; from the gas may occur via the charge transfer reaction with a molecule
other than Hy in the gas, creating a different ionic species, or else in either of the dissociative
recombination reactions

Hi +e=Hy+H (0.50), (3.25a)

or

Hi +e=H+H+H (0.50), (3.25b)

where the number in brackets is the probability of occurrence [3].

A significant amount of molecular hydrogen destruction will also occur from FUV photons that
are produced by the non-thermal electrons exciting Ho into the Lyman-Werner band states. Details
of the photodissociation of molecular hydrogen from FUV is discussed in § 2.1.2.1 and it’s effect is

discussed in § 3.2.1.
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The number of secondary ionizations Nge. is given by the energy deposited towards secondary
ionizations divided by the ionization energy of the relevant species. For H this is 13.598 eV, and for
Hs it is 15.426 eV. This can be expressed conveniently in terms of number of ionizations per keV. For
1 keV of deposited energy, with f; ~ 0.4, then 0.4 keV goes towards secondary ionizations. As such

N0 coe = (0.4/(0.013598 keV) = 29.4 keV ! and N, gec ~ (0.4)/(0.015426 keV) ~ 25.9 keV~'. The

,sec

ionization energy of H and Hy can be equivalently given as 2.1786x10~ ! erg and 2.4715x107 ! erg
respectively. Similarly for 1 erg of deposited energy, 0.4 erg goes towards secondary ionizations. As

such Ny ... = 1.836 x 10'9 erg™! and Ny, sec = 1.618 x 1010 erg~!.

,s€ec

The ionization rate, equation (3.3) now becomes

_ JiHx

) [s71], (3.26)

Cx

where Hy is the total energy deposition rate, equation (3.22), f; is the fraction of energy deposited
towards ionizations, and F; is the ionization energy of the particle in question. In terms of the

ionization energy per nuclei, equation (3.26) becomes for the ionization rate of atomic hydrogen,

w0 _Ji B sy (3.27)

ng  E; o nu

The above equation can be used in this form as is for atomic hydrogen, with it’s ionization energy
of 13.598 eV. The ionization rate per molecule of Hs needs to be modified slightly due to the
conservation hydrogen nuclei, ny = nyo + 2np,. Since there are two H nuclei per molecule of Ho,

then equation (3.27) is
G, 2 Hx

3.1
~ cm® s, 3.28
" Bon [ ] (3.28)

where F; is the ionization energy of Hy, 15.426 eV. The two ionization rates can then be related

by Cu, = 2(Ein/Ein,)CH-
The reaction of ions in the chemical network will also lead to the dissociation of Hy molecules.

There are on the order of 3 dissociations of Hy for each hydrogen ionization that occurs [3].
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3.2 Steady State HXR Field Creation - Destruction of Molecular
Hydrogen

Similar to the steady state equation for the formation and destruction of Hs in a beamed FUV
radiation field, equation (2.1), a creation-destruction equation for a beamed HXR radiation field

onto a semi-infinite slab is then
1
Rangony = iDHXRfatt,X NH,- (3.29)

Here Ry is the formation rate of Ho on grains, Dy xg is the unattenuated dissociation rate of Hy
and faer,x is the attenuation of the X-ray field.

The unattenuated energy deposition rate per hydrogen nucleus, equation (3.19) is denoted as

H F
20X X TX [ergem® s 1. (3.30)
ny YEoy nH

and the unattenuated ionization rate, equation (3.28) as

G,  2fi Hox

3 .—1
~ cm°s” |, 3.31
o Fom nm [ ] (3.31)

where the number of secondary ionizations of per erg per of deposited X-ray energy per Hy molecule

is given by
2fi
E;n,

N, sec = =3.24 x 10" [erg™1], (3.32)

and the fixed coefficients making up Hp x have a numerical value of

_ 00X —24 2
kg = =9.81 x 10 cm”|. 3.33
"= E [cm?] (3.33)

The coefficients making up the energy deposition rate have the units of an effective cross section
for the HXR energy flux.
As was done for the PDR case, equation (3.29) can be given as the ratio of atomic-to-molecular

hydrogen densities as
o . 1 DHXR
nH, N 2 Rd ny

Jatt, X - (3.34)

46



From the energy deposition rate per hydrogen nucleus and the molecular hydrogen ionization rate
per hydrogen nucleus, equations (3.19) and (3.28) respectively, we define the ratio of the unatten-
uated dissociation rate of Ho due to X-rays Dy xg, and its formation rate on grains per hydrogen

nucleus by the dimensionless quantity Sgx g, where

12f; ox Fx  Dpuxr

= = 3.35
Puxr Ein, ¥ Fo Ranu ~ Ranu’ (3:35)
and
12 ;. O _
DHXR = 3C0,H2 = Ei ’}/f); F [S 1]. (336)
1,Ho «@

As previously mentioned, there are on the order of 3 dissociations of Hy for each hydrogen ionization
that occurs which accounts for the in 3 in equation (3.36) [3]. The factor of 12 in equation (3.35)
comes from equation (3.28) (a factor of 2 from the number of nuclei in a hydrogen molecule), the
discussion below equation (3.28) (a factor of 3 from the number of Hy molecules destroyed per
ionization), and equation (2.13) (a factor of 2 from the increase in surface flux when considering an
isotropic free-space flux density of a radiation field from it’s beamed equivalent upon a semi-infinite
slab). The other constants can be inserted into equation (3.35) in order to simplify the /5 term.
With the assumption that there is a low ionization fraction z, < 1073, the fraction of energy

~

deposited leading to secondary ionizations is f; ~ 0.4 [3]. The ionization energy of Ha, E; is

2.4715 x 10~ erg. The photoionization cross section of 1 keV X-rays is ox = 2.6 x 10722 cm—2,

the energy dependance at 1 keV is v = 8/3, and the integral of the spectral shape between 1 keV
and 100 keV for a power-law index of ax = 0.7 gives F,,, = 9.9369.
We define the constant
_ 12

kp = =1.94 x 10" [erg™1], (3.37)
Ein,

which represents the number of Hy molecules destroyed due to ionizations from secondary electrons
per erg of deposited energy. In terms of the constants given in equations (3.33) and (3.37), the

destruction rate from the HXR spectrum is

D F
AXR kHXRix [Cm3 S_l], (3.38)
ny ny
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where
12 f; ox

2 1
cm” er . 3.39
Fom, 1 o [ g ] (3.39)

kuxr = kiky =

The numerical value of the HXR destruction rate per hydrogen nucleus in equation (3.38) is
then given as

D F
ZHXR 191 x 107222 [emBs. (3.40)
nH nH

As the Hs formation rate on dust grains is proportional to the normalized dust grain cross

3571, where we

section, equation (2.93), we can substitute this in so that Rq = 3 X 1071764 cm
have assumed a gas temperature of 7' = 100 K. Substituting these values into equation (3.35) leads

to

F
Baxr = 6.35 x 104 X

3.41
- (3.41)

The terms that enter equation (3.41) as parameters are the free-space hard X-ray flux Fx ergem 257!

the total hydrogen number density ng cm™, and the normalized dust grain cross section 4.
Thus B x g is the ratio of the free-space HXR flux at the cloud face per hydrogen nucleus (Fx /ny),
and the normalized dust grain cross-section 4.

From equations (3.1) and (3.19) we define the attenuation due to energy dependent optical

depth to be denoted by the dimensionless parameter B, where

S(t
fattx =B = (qsfl). (3.42)

Tx

The optical depth in equation (3.42) is given by 7x = ox Ny, where oy = 2.6 x 10722 cm?, so that B
is dependent on the total hydrogen column density Ny, and scales as Ny =1 where o= (ax—1)/vy
from equation (3.12). With ax = 0.7 and v = 8/3 from the discussion below equation (3.35),
¢ = —0.1125, and ¢ + 1 = 0.8875. Further discussion on S(7x) and equation (3.42) is given in
Appendix B.

Combining equations (3.35) and (3.42) leads to

12f; ox Fx S(tx) _ Dpxr S(tx)
Ein, v Fox Rann ng—i_l Rqny ng“

BuxrB = (3.43)

Thus, SgxrB represents the ratio of the free space Hs destruction rate due to a hard X-ray

48



spectrum per hydrogen nucleus to the free space Ho formation rate attenuated by the HXR optical

depth. With the use of the constant in equation (3.39) Sy xrB is

Fx S(tx)
B=k . 3.44
BHXR HXR = ] (3.44)
Using equations (3.41) and (3.42) casts 8B into the form
Fx S
BrxrB = 6.35 x 104~ ((Zfl). (3.45)
OdNH Ty

The terms that enter equation (3.45) as parameters are the free-space hard X-ray flux Fx ergecm 257!,

the total hydrogen number density ny cm™3, and the normalized dust grain cross section G4, at-
tenuated by the HXR optical depth.

The ratio of atomic-to-molecular hydrogen for an attenuated HXR radiation field can then be

given as
=—k —_— , 3.46
— o FHXR Ranm ngﬂ ( a)
or equivalently,
N0 1
B — — ByxgrB. (3.46b)
nH, 2

3.2.1 Internally Generated UV Field due to Secondary Electrons

The interaction of secondary electrons due to the flux of HXR into the molecular cloud creates a
secondary source of electromagnetic radiation. These non-thermal electrons, in addition to causing
the ionization of molecular hydrogen, are also capable of exciting Ho into the Lyman-Werner, (i.e.
the B!, or C'1I, states respectively) or higher states [27, 28, 29]. The decay of these excited states
leads to the production of FUV photons in the 6 - 13.6 eV energy range. These wavelengths range
from 90 to 170 nm for the Lyman lines and 90 to 130 nm for the Werner lines [91]. As discussed
in § 2.1.2.1, approximately 12% of the decays will be to the vibrational continuum leading to the
photodissociation of Hy. When ionization fractions in the gas are low, 2, < 1073, approximately
40% of the deposited energy due to the non-thermal electrons leads to the production of these

FUV photons [3]. More recent calculations show that for low ionization fractions, the fraction

of deposited energy leads to approximately 50% of the deposited energy going towards excitation
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processes [92]. The value of 40% will be used for this model.
A relation between the energy flux from an HXR illuminated cloud and the flux of an internally

generated FUV field is given by [3]

G H
0= 6x 108 fxp—>  [em?], (3.47)
ny ny

where Go/ny is the ratio of the normalized free-space isotropic Habing FUV radiation field to the
total hydrogen density [8], fx_y is the fraction of deposited X-ray energy that is converted to FUV
photons, and Hx is the energy deposition rate due to the HXR flux, equation (3.17). Here Gg has
been normalized over the 6 - 13.6 eV (912 - 2066 A) energy range of the Habing FUV spectrum,

equation (A.10) such that

Fo.xuv
Go .

- 4
1.58 x 10~3 ergem—2s—1’ (3.48)

where Fy xyv is the energy flux of secondary electron induced FUV radiation. The coefficient

1

in equation (3.47) has dimensions of serg™" in order for Gy to be dimensionless. Inserting equa-

tion (3.17) into equation (3.47) gives

GO 23 ox lX S(7X) 3
— =6x10 — 3.49
X fx—u - o [em”], ( )

and then inserting the values of fx .y = 0.4, ox = 2.6 x 10722 ecm?, v = 8/3, and F,, = 9.94

leads to
G Fx S
Go _pastx S) jon, (3.50)
nup nH Ty

where Fy is the X-ray energy flux ergem~2s~! and S(7x)/7x is its column density dependent

attenuation. Using equation (3.48) in equation (3.50), the induced FUV energy flux can then be

given as
I Fx S
BoX0V 5755107 EX 800 (g e, (3.51)
ny nH Ty

If we want to consider the contribution of the internally generated FUV energy flux for the
Habing SED over the 11.2 - 13.6 eV range (LW band), then the values from Table (A.1) can be

used. Letting Fop = 1.58 1073 ergem ™2 s~ ! be the energy flux over the 6 - 13.6 eV energy range

2

and Fiwp = 2.37 x 107* ergem™2s7! over the 11.2 - 13.6 eV energy range. They are then simply

50



related by Fiwn = 0.1495 Fy i, or equivalently that ~ 15% of the FUV photons produced are in
the LW band. From this and equation (3.51), the LW-band energy flux of a Habing SED due to

the energy deposition of an HXR radiation field is given as

F Fx S
SIWHXUV 558 x 10742X (;i(l) [ergems™ 1. (3.52)
ny np Tx

We define the normalized energy flux of the Sternberg version of the Draine FUV spectrum,

equation (A.44), over the 6 - 13.6 eV range as

Fops,xvv
G = : 3.53
0.DS = 968 x 103 ergcm 21’ (3.53)
which corresponds to Gopps = XxGo, where a comparison of equations (3.48) and (3.53) gives the

scaling factor x = 1.69 for both unit Gy and Gy pg over the 6 - 13.6 eV range. The normalized
free-space isotropic Sternberg variation of the Draine FUV radiation field for internal UV photons

produced by secondary electrons can then be given by modifying equation (3.47) such that

Go,ps

H
=355 x 108 fx_,y—>  [em?)]. (3.54)
ny nuH

Referring to equations (3.49) and (3.54) then this can be given as

Gops _ 4 ggfx ngfl) e

ny nyg Ty

m?). (3.55)

Using equation (3.53) in equation (3.55), the induced FUV energy flux for an SED given by equa-

tion (A.44) is
Fops. xuv x S(Tx
0DS, 3.73 % 10 sFx S(7x)

nH nyg ng—ﬂ

lergems™ 1. (3.56)

The change in normalization between the the two forms of G lead to an adjustment of the coefficient
in equations (3.47) and (3.49). This maintains the total internal FUV flux, Fx¢y produced by the
secondary electrons due to a given amount of HXR flux over the given 6 - 13.6 eV energy range,
as this is independent of the normalization used. To consider the contribution of the internally
generated FUV energy flux for the Draine SED given by Sternberg over the 11.2 - 13.6 eV range

(LW band), then the values from Table (A.4) can be used. Letting F ps = 2.68 x 1073 ergem 2571
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be the energy flux over the 6 - 13.6 eV energy range and Fiwps = 3.99 x 107% ergem™2 57!

over the 11.2 - 13.6 eV energy range. They are then simply related by Fiw ps = 0.149 Fj sp, or
equivalently that ~ 15% of the FUV photons produced are in the LW band, approximately the

same for the Habing field. This relation can be defined as

F
LW,DS em™2]

) 3.57
Foyps (3:57)

krow =6 x 102 fx uFon

The energy flux of internally generated LW band photons in the Draine-Sternberg SED from sec-
ondary electrons due to HXR is then given by

Fiw,ps, xuv Fx S(tx)

= kpxy— —=2 -t 3.58
- FXU Tﬁﬂ [ergcms™ ], (3.58a)

where

kpxu = krpowkyg = 5.56 x 1074, (3.58b)

which is unitless, where Fy is the X-ray energy flux [ergem™2s71], and S(7x)/ T§+1 is its column
density dependent energy deposition. Note that the HXR flux Fiw ps xuv, in equation (3.58a) is
of the same spectrum as I;;, where Iy = (FLw ps.xuv/3.99 x 1074 ergem™2s71) as described in

§2.2.

3.3 Steady State XUV Field Creation - Destruction of Molecular
Hydrogen

In order to find the combined steady state transition point when the induced FUV radiation field is
included a few adjustments need to be made. A key difference to the FUV radiation field produced
internally in the cloud due to the non-thermal electrons is that they are isotropic in nature. Also,
the external FUV radiation field undergoes an attenuation due to self-shielding and dust absorption
as it travels through the cloud. These internal FUV photons cannot then simply be added to the
« parameter from § 2.2 due to these reasons. Below we will show how to include them with the
steady-state HXR equation (3.1).

Treating the interaction of the X-ray induced FUV radiation field (denoted as XUV) with the
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molecular cloud as an independent steady-state creation-destruction equation in a similar form to
equations (2.1) and (3.1) we have

1 _a _
Rangonyg = ZDXUVfatt,XUVan [em s, (3.59)

where Dy s 1 is the free space dissociation rate due to XUV photons, fatt,xuv is any attenuation
of the XUV, Rq cm®s™ ! is the Hy formation rate coefficient as in equation (2.94), and nyo, ny,
and ny are the atomic, molecular, and total hydrogen densities respectively. The factor of 1/4 is
due to equation (3.59) being represented by an isotropic radiation field that is considered to only
dissociate molecular hydrogen in the forward direction. The flux of an isotropic field is 1/2 that of
a beamed field as is given in equations (2.1) and (3.1).

Since we are considering the XUV radiation field to be that described by a Draine-Sternberg
FUV spectrum in the Lyman-Werner band, the unattenuated free space dissociation rate Dxyy is

the same as that given in equation (2.97) with the notation
Dxpy =581 x 10711y [s71], (3.60)

where Iy = (FLw ps, xuv/3.99 x 10~* ergem =2 s71) is the unit Draine field. As in equation (2.96),
the dissociation rate is a product of the flux of radiation in the LW band and an effective cross

section that leads to dissociation given by
Dxyv = Fow xovorw  [s71). (3.61)
An effective dissociation cross section per erg in the over an integrated LW band can be given by

ow = 1.46 x 1077 [emZerg™!], (3.62)

where a photon flux of Fiyy = 3.99 x 107 ergem™2s™! was used. As discussed below equa-

tion (2.98), this effective dissociation cross section underestimates the effective absorption cross

section by approximately an order of magnitude.
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Writing equation (3.59) as the ratio of atomic-to-molecular hydrogen densities gives,

nHo _ 1 DXUV
nH, 4 Rany

Jatt, xUV - (3.63)

This represents the atomic to molecular hydrogen density profiles for an induced XUV field only.

A ratio of atomic to molecular hydrogen densities can now be given that is a combination of the

HXR and its associated XUV radiation field. From equations (3.34) and (3.63) this is given as
nyo _EDHXR 1l)XUV

= —— - . 3.64
i, 2 Rann fatt, HXR + 1 Ry fatt, xUV (3.64)

Equation (3.64) thus gives the atomic to molecular hydrogen density ratio as a combination of the Hy
destruction rates based on the direct ionization leading to dissociation from secondary non-thermal
electrons (the first term on the right hand side) and the photodissociation due to induced LW band
FUV photons from the non-thermal electrons colliding with molecular hydrogen (the second term
on the right hand side). The first term in the above equation containing Dy xpr has already been
given directly as a function the HXR flux, F'x, as in the numerator of equation (3.40). The second
term containing Dx gy can also be given as directly dependent on the HXR flux. Equation (3.64)
will be developed further in § 3.4.

A brief summary of the substitutions of the previously derived formulae follows. First note that
from equations (3.47) and (3.48), the flux of FUV photons produced in the 6 - 13.6 eV range of a

Habing spectrum in terms of the energy deposition per hydrogen nucleus of the HXR field is

Fo.xuv

H
=6 X 1023fXﬁUF0,H—X [ergems™ !, (3.65)
nH nu

2571, This FUV flux can be converted to the amount of energy

where Fyp = 1.58 x 1072 ergem™
flux that would be present in the LW band of a Draine-Sternberg FUV spectrum by multiplying it

by the ratio Fiw ps/Fops so that equation (3.65) becomes

F F H
TIWXUV. 6 1023fX_>UF07HLDS—X [ergems™ 1, (3.66)

nu Fops nu

2

where Fiw ps = 3.99 x 10~4 ergem 2s~! and Fyps = 2.68 x 1073 ergem 257!, Inserting equa-

54



tion (3.17) into equation (3.66) gives the FUV flux in the LW band of a Draine-Sternberg spectrum

produced from the collision of secondary electrons as

F B F
IWXUV. _ 6 1028 fy g VDS ox Fx

nH Fops vFax nu

[ergcms™!]. (3.67)

The unattenuated destruction rate of Hs per hydrogen nuclei can now be given by inserting equa-

tion (3.67) into equation (3.61) giving

Dxuyv Frw,ps ox Fx _
=06 X 1023fX—>UFO,H LW — [cm3 S 1],
nH Fyps YFoy mu

)

(3.68)

1 as given in equation (3.62). The gross energy deposition rate

with orw = 1.46 x 1077 cm? erg™
(~ 0.4) is the same ratio for both the production of secondary electrons via ionization and for the
production of LW band photons via collisions from secondary electrons. From this it can be seen

in equations (3.36) and (3.68) that the unattenuated energy deposition rate is identical

H, F
OX — k== Jergem®s™], (3.69a)
ny ny
where
_ 0X —24 2
kg = =9.81 x 10 cm?]. 3.69b
0= [cm?] ( )

The net energy deposition rate is also the same in both cases since the fraction of HXR that is
converted to secondary electrons is on the order of f; = fx_,uy ~ 0.4.

From equations (3.59) and (3.68) we define the ratio of the unattenuated dissociation rate of
Hs due to X-ray induced FUV rays, Dxyy, and its formation rate on grains per hydrogen nucleus

by the dimensionless quantity Sxyy where

W.,DS ox Fx  Dxuv

Fy;
/BXUV =6 X 1023 X UF H OLW = . 3.70
Jrouto Fops YFax Ranu  Rann (3.70)
In a similar manner to equation (3.37) we define the constant
R
kprw = 6 x 102 fx Ly Fou—5 51y = 8.25 x 1012 [erg™!], (3.71)

Fops

)
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which represents the number of dissociations due to internal LW photons produced by molecular
excitation from secondary electrons per erg of deposited energy. In terms of the constants given in

equations (3.69b) and (3.71), the destruction rate from the XUV spectrum is

D F
XUV _ kXUV—X [cm3s™1], (3.72a)
ny ny
where
B
kXUV = kDLWkH =6 X 1023fX—>UFO,H }I;W’DS OLW ox [CIH2 erg_l], (3.72b)
0,DS v Fax
and
kExpy =810 x 107 [em?erg™!] (3.72¢)
The destruction rate of Hy per nuclei for a given F'x is then
D F
XUV — 810 x 107 =X [em®s71). (3.73)
ny nH

As the Hs formation rate on dust grains is proportional to the normalized dust grain cross

3571 where we

section, equation (2.93), we can substitute this in so that Ry = 3 X 1071764 cm
have assumed a gas temperature of 7" = 100 K. Substituting these values into equation (3.35) leads

to

F
BXUV = 2.70 x 106 X

: 3.74
5 nn (3.74)

The terms that enter equation (3.74) as parameters are the free-space hard X-ray flux Fx [ergcm™2s71],
the total hydrogen number density ny [cm™3], and the normalized dust grain cross section &g.
Thus Bxpyy is the ratio of the free-space HXR induced dissociation rate per hydrogen nucleus
(Fx /nm), and the normalized dust grain cross-section d4.

Since the energy deposition rate is dependent on the optical depth as S(7x) /T§2—+1, this at-
tenuation term is also a common factor in the dissociation of Hy for both the ionizing effects of
secondary electrons as well as the dissociation from LW band photons produced by molecular col-

lisions. When these LW - XUV photons are produced during molecular collisions, we are assuming

that they travel only a short distance before they are absorbed by an Ho molecule; therefore, they
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undergo no additional attenuation, either due to self-shielding or by scattering/absorption from
dust. This on-the-spot approximation (or Case B) means the only attenuation we need to account
for the production of the XUV radiation field is that due to the strength of the hard X-ray field at
depth so that

S(T
funxoy = B = 22X, (3.75)
Tx

The discussion below equation (3.42) details the properties of B.

Combining equations (3.70) and (3.75) leads to

Fiw.ps ox Fx S(rx) Dxuv S(tx)
B =6 x10%F, = oW = : 3.76
Pxuy ) "M Fops " fX%UVFaX Ranw 7771 Ranu 79" 10

Thus, Sxyy B represents the ratio of the free space Hy destruction rate from the internally generated
LW band spectrum per hydrogen nucleus to the free space Ho formation rate attenuated by the

HXR optical depth. With the use of constants in equations (3.69b) and (3.71), Sxyy B is

FX S(Tx)
B=k —. 3.77
Bxuv XUV o o1 (3.77)
Using equations (3.74) and (3.75) puts Sxyy into the form
Fx S
BxuyB = 2.70 x 106 —X fjf). (3.78)
gdnH Ty

Again as in the HXR case, the terms that enter equation (3.78) as parameters are the free-space
hard X-ray flux Fx ergem™2s7!, the total hydrogen number density nyg cm™3, and the normalized
dust grain cross section 74, attenuated by the HXR optical depth. The ratio of atomic-to-molecular

hydrogen for a depth attenuated XUV radiation field can then be given as

= -k _— 3.79
e XUV Rang 7';?“ ) ( a)
or equivalently,
TlHO 1
=- B. 3.79b
i, 1 Pxov ( )

As described below equation (3.59), the internally generated FUV radiation field is considered to

57



be isotropic in the forward direction accounting for the factor of 1/4 in the above two atomic-to-

molecular hydrogen ratio equations.

3.4 Steady State HXR Field Creation - Destruction of Molecular

Hydrogen including an XUV Field

We are now in a position to combine the steady-state creation-destruction equations for both the
HXR only field and the XUV only field. This will give the effect of a beamed hard X-ray radiation
field impinging onto an optically thick plane parallel semi-infinite molecular cloud slab with the
addition of an isotropic LW band radiation field produced in the interior of the slab. Combining
equations (3.1) and (3.59) for the HXR field and XUV field respectively, the steady state creation-

destruction equation for molecular hydrogen becomes

1 1 a2
Rangony = {§DHXRfatt,X + ZDXUVfatt,X}nHQ [em™3s71]. (3.80)

In terms of the ratio of atomic-to-molecular hydrogen densities this combined field becomes

1
Rany’

nHO 1

4

1
= {iDHXRfatt,X + DXUVfatt,X} (3.81)

NH,
For computational purposes and our analytic model developed in Chapter 4 we write this as

1
Rang

710 1 1
H _ f{DHXRfatt,X + *DXUVfatt,X}
ng, 2 2

(3.82)

With use of equations (3.46a) and (3.79a), equation (3.82) can be given in terms of the constants
describing the ratio of atomic-to-molecular hydrogen densities and using fatt,x = fate, xUv

After inserting the constants defined earlier, this then becomes after simplification

—— = kr+ -k kg ——— .
— 2{ 1+ 5 DLW} " nm Tﬁﬂ , (3.83)

where the constants k; = 1.94 x 10" erg™!, kprw = 8.25 x 102 erg™!, and ky = 9.81 x 10724 ¢m?

are given by equations (3.37), (3.71), and (3.33) (or (3.69b)). The terms k; and kxpyy represent
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the number of dissociations per erg of deposited energy due to ionization from secondary electrons
and from the internally generated FUV field respectively. The ratio of these constants, from FUV

induced dissociation compared to direct ionization is

kprw
~ 21. .84
ok (3.84)

This result shows that the number of dissociations due to the Solomon process due to the internally
generated FUV field is on the order of 20 times greater than that from direct ionizations. Combining

the constants in equations (3.83) gives the new constant, kx
1 12 -1
kxuy = kr+ B kprw = 4.32 x 10 [erg ] (385)

The ratio of atomic-to-molecular hydrogen densities with this new constant is

Now, a constant that represents the cross section per unit energy is given as kx
kx = kxukg = 4.24 x 1071 [em?erg™!]. (3.87)
Thus, the density ratio becomes
o _ L Fx S(x) (3.88)

Xi .
nu, 2 Rann Tﬁ“

It can be seen from the above equation the net destruction rate per hydrogen nucleus for the

combined HXR and XUV radiation fields is

D F F
X kX =424 x 100122 57,

(3.89)
ny ny nH

The atomic-to-molecular hydrogen ratio can be given in a simple form that is due to an HXR

spectrum with an XUV radiation field. Using the dimensionless terms SpyxrB and Bxyy B that
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are given in equations (3.43) and (3.76) respectively leads to

N0 1{ 1 }
—_ = = — B. 3.90
o, 2 Bruxr + 2BXUV (3.90)

The terms in brackets are combined into the new term f3

Dx
Rd nyg

B =PBuxr+ %5XUV = (3.91)

which now represents the ratio of the unattenuated dissociation rate of Hy due to the dissociation of
the combined effects of ionizations from secondary electrons and the dissociation from the Solomon
process from secondary electron collisions, Dx, and its formation rate on grains, Rgq per hydrogen
nucleus. The attenuated ratio of the dissociation rate versus the formation rate per hydrogen

nucleus is defined in terms of the dimensionless quantities 8B

Fx S(rx)  Dx S(rx)

BB = kx = (3.92)
o1 o1
Ranu 7§ Ranu 7§
or numerically as
11 Fx S(mx)
BB =4.24 x 1071 = (3.93)
Ranu %

Thus, BB represents the ratio of the free space Hs destruction rate due to the HXR spectrum
with an internally generated FUV field to the free space Hy formation rate per hydrogen nucleus
attenuated by the HXR optical depth.

As the Hs formation rate on dust grains is proportional to the normalized dust grain cross

3

section Rq = 3 x 10717 54 cm3s™!, equation (3.93) becomes upon this substitution

Fx 8
BB =141 x 100X iﬁ) (3.94)
0d NH Ty

The terms that enter equation (3.94) as parameters are the free-space hard X-ray flux Fx ergem 257!,

the total hydrogen number density ny cm ™3, and the normalized dust grain cross section &4.

The ratio of atomic-to-molecular hydrogen densities for the combined HXR and XUV fields is
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finally given in a simple form in terms of dimensionless quantities as

nHO

1
= -f8B. 3.95
e 2 (3.95)

With this equation we now have the density profiles for atomic-to-molecular hydrogen from the
total of the HXR, spectrum and its induced FUV radiation field in a completely analogous form to
the FUV only radiation field in a PDR, equation (2.108).
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Chapter 4

Density Profiles and Transition Points

4.1 PDR Analytical Model

The basis for the analytical model of a PDR in this dissertation is one that has steady state,
isothermal, non-turbulent conditions with a low ionization fraction (z. < 1073) for a beamed far-
ultraviolet (11.2 - 13.6 eV) radiation field into an optically thick plane parallel slab. This PDR is
modeled on that given by Sternberg & Bialy [2, 11, 16], the relevant details of which are given in
§ 2.2.

The point of interest is where there is a transition of the atomic-to-molecular hydrogen density
profiles, from the region where atomic hydrogen dominates to the region where molecular hydro-
gen dominates under steady-state conditions, specifically the location where the atomic hydrogen
number density equals the molecular hydrogen number density. In the PDR case this is given by

equations (2.1) and (2.108) which is given here as,

1
_ -~ U =~ A 41
T Hy 2 Rany fatt,U 2 @ ( )

Here the parameter a A determines the ratio of the number density of H? to Hy. As « is proportional
to the ratio of the free-space dissociation rate of Ho to its formation rate, an increase in « leads to an
increased ratio of npo to ny,, thus atomic hydrogen is favored. The attenuation function A <1 is
a continuously declining function at a column density of N = 10 cm? so that it begins to reduce

the free-space dissociation rate, and as such a decrease in A results in a decrease in attenuation
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so that nyo/np, decreases and molecular hydrogen is favored. Using the conservation of hydrogen
nuclei number density ny = nyo + 2np,, equation (4.1) can be given in terms of the H® and H,
fractions, nyo/nu and nm,/nm respectively. At the specific transition point under consideration,
where the normalized number density of atomic hydrogen equals the normalized number density of

molecular hydrogen (i.e. o = x,), equation (4.1) then becomes,

N0 0.25aA
= pygo = — 0 4.2
ng  H T 1102504 (422)
27’LH2 1
= oy, = 4.2
nn o He T 1102504 (4.2b)

for the respective H? and Hy atomic nuclei fractions.

4.2 PDR Computational Results

The PDR was modeled with code written in Python 2.7.10 based on the equations and discussion
given in §§ 2.2 and 4.1. The procedure involves solving equation (4.1) for nyo and ng,. There were
16 different variations of the parameters A and &4. The steady state density profiles for H? and
Hs are shown in Figure 4.2. At low column densities the gas is predominantly atomic hydrogen
(cyan curve). This represents the face of the cloud and the radiation has not been significantly
attenuated. In this regime the shielding function is A < 1 and the ratio of atomic-to-molecular
hydrogen density is ny/np, — %a. As the radiation gets attenuated as it traverses the cloud, the
gas becomes increasingly molecular (magenta curve) due to attenuation as A 2 0. The transition
point in Figure 4.2 is given by the black dot and represents an equal ratio of atomic and molecular
hydrogen fractions such that,
o _ 2,

- 4.3
o o (4.3)

or equivalently

Tyo0 = 2TH,, (4.4)
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from equations (4.2a) and (4.2b). With the use of the conservation of hydrogen nuclei number,

equation (2.2) gives the transition point of interest as,

Tyo = 2w, = 0.5. (4.5)

4.2.1 PDR density profiles and transition points for Bialy & Sternberg 2016

As a first step, a PDR model based on the five step analytical method given in [16] was used.
This was to give the code a benchmark for the atomic-to-molecular hydrogen transition points
(see Figure 4 of [16]). The density profiles from this procedure are shown in Figure 4.1 with the

transition points where nyo/ng = 2ny, /ng = 0.5 given in Table 4.1.

G4=0.01 G4=0.1 Gg=1
100 Sl R Iijjpliie Rl mile Bl U e M B R RLL AL LB
Q
Q
1072 ]
°
o
104 =
100 QT ey :
1 : 2
1072 | 1
P o
107 | -
100 QT e per g ey
- - < <
19
107 F 3 1 19
F F E El]
4 3 E I~
107 r 1 1
E R T T T O B O B B sl
100 mmmm Ilh-lwﬂ-llﬂ-llh-ln_
Q
1072 @
Il
=)
1074
1016 1018 1020 1022 1024 1016 1018 1020 1022 1024 1016 1018 1020 1022 1024 1016 1018 1020 1022 1024
Ny (cm~2) Ny (cm~2) Ny (cm™2) Ny (cm~2)

Figure 4.1: The H° and Hy density profiles and transition points (blue dot) for nyo/nu (green
curve) and 2ng, /np (red curve) with an FUV radiation field. This figure was created using the
five step analytical procedure for generating depth-dependent atomic and molecular densities (see
Bialy & Sternberg 2016).
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Table 4.1: H%-to-Hy FUV transition points Ny [cm?] for aG

0d
aG 0.01 0.1 1 10
0.01 456 x 1019 1.32 x 101® 1.48 x 1017 2.85 x 1016
0.1 1.62 x 1021 6.39 x 1012  3.46 x 10'® 3.93 x 107
1 2.09 x 1022 1.68 x 1021 1.32 x 102 1.07 x 10*?
10 0.46 x 1022 9.18 x 1021 8.90 x 102° 8.49 x 109

4.2.2 PDR density profiles and transition points from computational model

The computational model used is given by equation (2.107), which differs from equation (22) in
[16] in that the analytic form for attenuation explicitly uses the total column density Ny and isn’t
given solely by the parameter 4. This term is composed of the analytic form for self-shielding
given in [12] and the dust attenuation term given in [2, 16].

A starting point for a given A was based on their parameterized aGG. The first step involved
picking an oG = 0.01, 0.1, 1, or 10, and then determining « using equations (2.109) and (2.111).
This is calculated for each of the normalized grain cross-sections 64 = 0.01, 0.1, 1, 10.

Since the molecular hydrogen formation rate coefficient is dependent only on the normalized
dust grain cross section 4 for a fixed gas temperature, only fixed ratios of Iy /ny for a given « are
considered.

The goal of the code is to solve equation (4.1) for nyo and ny, as functions of the column
density. Using,
and np, = dNp,/ds,

for semi-infinite slab geometry, where ds is the differential depth into the cloud, equation (4.1) can
be integrated since A(Np,, Ni) is a function of both the molecular hydrogen and total hydrogen
column density. In this way and with the use of Ng = Nyo + 2Np,, the number densities 7o
and np, can be solved for. The integration was done using the scipy package odeint. The
density profiles from our computation are shown in Figure 4.2 with the transition points where

nyo/nu = 2nm,/nu = 0.5 given in Table 4.2.
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Figure 4.2: The H° and Hy density profiles and transition points (black dot) for nyo /ny (cyan curve)
and 2np, /ny (magenta curve) as functions of the total hydrogen column density Ny from an FUV
radiation field for the computational model. The profiles and transition points are calculated using
aA. The right y-axis gives the aG used. The transition points occur deeper into the cloud as the
FUV strength increases (greater a G) or as dust attenuation decreases (smaller 74).
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Table 4.2: H-to-Hy FUV transition points Ny [cm?] calculating a4 for a given aG

0d
aG 0.01 0.1 1 10
0.01 491 x 10 1.59 x 10® 1.98 x 1017 3.91 x 1016
0.1 1.87 x 1021 6.87 x 1012 3.98 x 10'® 5.03 x 107
1 2.31 x 1022 1.83 x 10%1 141 x 1020 1.17 x 10¥?
10 1.01 x 102 9.66 x 102! 9.29 x 10%° 8.79 x 10"?

The analytic (aG) and computational (a4) models are superimposed from Figures 4.1 and 4.2
to show a comparison of the density profiles and transition points. This is given in Figure 4.3. It
can be seen from the plots that there is excellent agreement between the two models. The transition
point for the computational model for all 16 plots occurs slightly deeper into the cloud than the
analytic model. The approximate percentage increase in total hydrogen column density that the

transition point occurs is given in Table 4.3.
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Figure 4.3: Superposition of the analytic and computational models for H and Hy density profiles
and transition points (blue dot - analytic; black dot - computational) for nyo/ny (green curve -
analytic; cyan curve - computational) and 2n, /ng (red curve - analytic; magenta curve - compu-
tational) as functions of the total hydrogen column density Ny from an FUV radiation field.



Table 4.3: Percentage increase in column density of transition point - Computational (aA) vs.
Analytical (aG)

0d
aG 0.01 0.1 1 10
0.01 ~8 ~20 ~34 ~ 37
0.1 ~15 ~8 ~15 ~28

4.3 Analytic response of the PDR transition points to HXR field

For the response of the transition points of the far-ultraviolet only radiation field to a hard X-ray
spectrum, we consider a combination of the steady state PDR with the inclusion of the steady
state XDR model. The atomic-to-molecular hydrogen ratio ng/ng, is now a function of both a
steady-state attenuated PDR given by %O[A and a steady-state attenuated XDR given by %BB
from equations (2.108) and (3.95) respectively. The energy flux of the hard X-rays that causes the
response at the new transition point can then be determined.

This combination leads to the simple expression

nHO 1
——) 4.
ng, 2 (4.7)
where
6 =aA+ (B. (4.8)

The ratio of number densities of atomic hydrogen to total hydrogen and also the ratio of
number densities of molecular hydrogen to total hydrogen can be given for § in a similar manner

to equations (4.2a) and (4.2b) as

0.256
— 9 4,
TH T 102567 (4.92)
1
2 R — 4.9b
T T 102587 (4.9)

69



where zpo = nyo/ny and xy, = np,/np for the respective HY and H, fractions respectively.
For a given value of delta, which represents the atomic-to-molecular hydrogen ratio, the contri-

bution due to attenuated HXR’s then ranges from
0< BB <. (4.10)

When the flux from the HXR radiation field is negligible in regards to creating a response in
the PDR, B — 0 and aA — §. As greater fluxes of X-rays are considered, B starts making a
contribution to §. When the HXR flux increases further, the contribution due to the FUV radiation

field becomes less significant, and as such A — 0, which leads to B — .

4.4 Computational response of the PDR transition points to HXR
field

This section compares the response of the PDR only transition point to two forms of the HXR energy
deposition. The first is the exact analytic form with a hyperbolic approximation representing S(7x)
¢_

in § 4.4.1. The second ignores the S(7x) term and only takes into account the 7 ! attenuation

function in § 4.4.2.

4.41 Hy o< S(mx)m" !

The calculation of the response of the transition point of the PDR to a HXR field follows the same
procedure as that done in § 4.2.2. The code now solves equation (4.7) for nyo and ny, from which
the number density ratios given in equations (4.9a) and (4.9b) can be found. This was done for
each of the normalized grain cross-sections 64 = 0.01, 0.1, 1, 10 that we considered.

The same values of oG = 0.01, 0.1, 1, or 10 were used to determine « with the FUV shielding
function A(Np,, Nu) being used in place of G. The attenuated energy deposition rate of the HXR
spectrum B is given by the hyperbolic function in equation (B.4). This replaces the analytic form
of the HXR energy deposition rate attenuation given in (3.12).

The location of the transition point in terms of Ny can be seen in Figure 4.4. From this the

amount of HXR energy flux per hydrogen nuclei needed to cause this response can be determined.
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Figure 4.4: The transition point curve where x0 = 2y, for the response of a PDR to an HXR field
with S(7x)7~?~! attenuation. The vertical portion of the curve represents the FUV only transition
point. The contribution of 5B as a percentage of § to the column density of the transition point is
shown at 10% (orange dot), 50% (green dot), and 90% (red dot).

As is noted in § Appendix B significant attenuation of the HXR flux doesn’t occur until Ny ~
10?° cm~2. When the transition point due to the FUV only field occurs less than this column
density there is a regime where there is no further significant attenuation of the HXR field until
Ny ~ 10%° cm~2. This is represented by the horizontal portion of the curve. Once the HXR flux
is great enough for the transition point to occur after 102° cm~2, whether or not the FUV only
transition point occurs before or after this point, an increasing flux causes a linear increase in the

transition point on a log-log scale. This represents the energy deposition rate being Hx 7_;;571‘
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Figure 4.5: The H and Hy density profiles and transition points for xyo and 2xp, of an FUV only
flux superimposed with an HXR flux S(7x)7~¢~! attenuation that causes a response in the PDR
transition point by one order of magnitude.

Table 4.4: HXR energy flux Fy/ng [ergecms™!] at the H-to-Hy combined FUV-HXR transition

points at one order of magnitude increase in Ny column density for S(7x)7~¢~! attenuation.

0qd
aG 0.01 0.1 1 10
0.01 2.27x1078 216x 1077 234x107% 244 x10°°
0.1 1.14x1077 239x1077 215x10°% 228 x10°°
1 1.05x 1076 1.17x 1076 3.01 x 1076 2.62 x 107°
10 39x107% 489x107% 6.86x10°% 291 x10~°
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Table 4.5: HXR energy flux Fy/ng [ergcms™!] at the H%-to-Hy combined FUV-HXR transition
points at one order of magnitude increase in Ny column density for 7-?~! attenuation.

od
aG 0.01 0.1 1 10
0.01 3.50x107? 1.72x1072 3.03x107Y 7.58x 1077
0.1 1.10x 1077 490x10"% 3.83x10°% 6.68 x 10°°
1 1.07x107% 1.13x107% 1.14x10°% 1.23x10°°
10 3.96x1076 495%x107% 6.19x 1076 7.64 x 1076
4.4.2 Hyx ocry”!
o—1

This section considers HXR attenuation due to the opacity term 74" ~. This calculation is per-

formed using a modification of equation (3.41) which is given as

Fx 1
BuxrB = 6.35 x 104 = — (4.11)
OdNH Ty

where B = T);d)_l. The procedure follows the same methodology as that done in § 4.4.

The location of the transition point with this modified attenuation is shown in Figure 4.6 with
values of the HXR energy flux required to shift the FUV only transition point by one order of
magnitude given in Table 4.5.

These curves have a similar form across the range of column densities considered as the attenua-
tion of the HXR spectrum is now a linearly declining function on a log-log scale. The elimination of
the S(7x) term removes the inability of the HXR spectrum to have any significant energy deposition
at column densities of less than Ny ~ 1020 cm—2.

A comparison of the two forms of HXR attenuation function considered shows that for transition
points from the FUV only model that occur Ny < 102Y cm ™2, there is no significant difference in the
model used. As the FUV only attenuation curve occurs at smaller column densities, the difference
between the two attenuation curves gets more pronounced.

As can be seen in Figure (4.8), when 64 2 10 x aG the response of the transition point by

~

one order of magnitude due to the HXR attenuation function 7=#~1 deviates from the S(7x )7~ ¢!

attenuation function by one or more orders of magnitude. As this discrepancy grows, the simplified
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Figure 4.6: The transition point curve where xpo = 2xp, for the response of a PDR to an HXR
field with 7=?~1 attenuation. The vertical portion of the curve represents the FUV only transition
point. The contribution of 8B as a percentage of § to the column density of the transition point is
shown at 10% (orange dot), 50% (green dot), and 90% (red dot).
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response for the attenuation functions S(7x)7~¢~! and 7791

model becomes less accurate as Table 4.6 shows.

Conversely, when aGG 2 &4, the two HXR attenuation curves vary by less than one order of

magnitude. In the cases where aG > 10 x G4, then 77971 =~ S(7x)7~¢~! in terms of the response

at one order of magnitude.
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Table 4.6: Ratio of the HXR energy flux Fy /ny [ergcms™!] at one order of magnitude increase in
Ny column density for 77¢~1 vs. S(7x)7 %71,

oG 0.01 0.1 1 10

0.01 1.54x 1071 7.97x1073 1.29x1073 3.11x10°*
0.1 9.60x107' 205x107t 1.78 x1072 2.93x 1073
1 1.02 x 10°  9.64 x 1071 3.79 x 107! 4.71 x 1072
10 1.02x10°  1.01x10° 9.03x 10! 2.63 x 107!

4.5 Analytic Fit for Hyx 7_;5-1

In this section we present an analytic model that estimates the behavior of the transition point
curve over the range of hard X-ray fluxes per hydrogen nucleus versus total hydrogen column
density for the given values of aG and &4 that we have considered in this paper. For this analytic
model we required that it took into account the limiting conditions when the amount of attenuated
HXR flux per nucleus was low (B 2 0) and when the attenuated HXR flux per nucleus was high
(BB < 0). In the first case, the transition point of the curve Ny trans, approaches that of the FUV
only transition point Ny trans — Nu,ruv. In the second case, the transition point of the curve
NH trans, approaches that of the HXR including XUV only transition point Ny trans — NH, XUV -

The analytic expression used for this fit is given by,
1/(p+1
NH,trans = (NI(-?,—;}UV + NI?},—EXR) /(@ )7 (4‘12)

where ¢ + 1 is the same term that describes the behavior of the attenuation function B of the
HXR energy deposition rate Hy T§¢_1. This analytic fit is shown superimposed with our
computational models in Figure 4.9. A range of values varying by 4+0.2 dex are shown about the
analytic line.

The analytic fit does a good job when the attenuated FUV radiation field per hydrogen nucleus
is low aG < 1 and the transition point is gradual between aG and SB. This is shown for the

values of G = 0.01, 0.1, and 1. For the higher attenuated FUV radiation field per hydrogen nucleus

that we consider, aG = 10, the transition between aG and 8B becomes sharp and our analytic fit

77



] 6,=0.01 ] 6,=0.1 Gy=1 G,=10
1078 prrrrm—r—rrr 10~

—rrr—— 1078 p——rrrrm——r 1078 prrrrr——rrry
o

107° 107°

oo

107°

10710 10710 10710

100

10—11 10—11

W ERERLL L marl
1Y BERTTITT BARTTTT BT
g AL AL e
od s oonmd 3 sund 40l

=

[

L

5
Ty Ty
T BERTTITT EERTTTT B
A WRRALL ERERLL el
/1T BERTTITT ARTTTT BRI

Fx/nylergecms™1]

107+ ol

1020 1021 1018 1019

PRI BT | ML BT |

1017 1018

sl 00

1018 1

=

o
4
I8}

o
ey
©

1077

-
15)
4

od oo o 4o
"
)
b

e A B

T T T T

1077 grrrrrrm—r—rreny

1078 1078 1078

=9D

/
f

107° 107° 107°

Fx/nulergecms™!]
RO—T-rrmy T
o

v ol 4
Ty

I T
d 4 v 1l

10

1

P Y I

10-10 10-10 T e oA Errarwyvr

1022 10%° 10% 10" 10%° 108 10"

M B P BT |

-

o
N
=

L) B i L LLL! B e 1)

™

1076 10-¢ 107°

1077 1077 1077

I=5»

1078 1078 1078 f
I

T T O W11 W

WL mal mEll may

E
E
1

LAl AL maLL |

PRI IR IR
LAl mal mall ma

Fx/nylergcms1]

1079 beat ®0oid 107°

1079 P
1020 1021 1019 1020

1022 1023 1024

107> grr——rrrmy 10-° 1073

10 10 10-°

=9D

1077 1077 1077

0T

T T T Ty
d 3 vd vl s
A EERTTTT EERTTT AR
T T Ty
A EERTTTT EERTTT R
T T Ty,

Fx/nylergcms™1]

10-8 1078 108 g

1023 1024 1022 1023 1021 1022 1020 1021
Ny [cm~2] Ny [cm~2] Ny [cm™2] Ny [cm™2]

.

P |

PRI

P |

Figure 4.9: The transition point curves for the response of a PDR to an HXR field with 7—¢~!
(solid blue line) superimposed with the analytic model (orange dashed line). A variation of + 0.2
dex is shown around the analytic fit line (light grey strip).
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becomes less accurate at modeling the perturbation point.

The 16 images in Figure 4.9 are shown individually in Figures C.1 - C.16 in Appendix C.
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Chapter 5

Conclusions

In this dissertation, a simple model is presented that shows the response of the atomic-to-molecular
hydrogen transition point in a far-ultraviolet (FUV) only photodissociation region due to the con-
tribution from a hard X-ray (HXR) spectrum over the 1 - 100 keV energy range.

This model is a blend of two existing models of steady state regions, that of a photodissociation
region (PDR) [2][16] and that of an X-ray dissociation region (XDR) [3].

The PDR model of [2][16] was used as benchmark in order to determine what the transition
points would be for the model developed in this dissertation to be compared against. The transition
points where n40/2n5, = 0.5 were first found using the analytic model of [16] for a given aG and
4. This was done as the dust-limited self-shielding function G is given as an analytic fit that is
parameterized by the normalized dust-grain cross section &4 only [16]. In the model developed in
this dissertation the dust-limited self-shielding function is denoted by A(Ny Ny, ) which is composed
of the optical depth parameterized by &4 and also by the self-shielding function of [12] (their
equation (37)). Our model replaced the parameterized equation (2.109) with the dust-limited self-
shielding function, equation (2.104). Thus we use a4 in the code in order to determine the column
densities but a4 is being plotted within the aG values. From this the normalized number densities,
xyo and 2xy, were found and density profiles plotted and compared to the transition points of [16].
This modification led to a small increase in the PDR only transition point from that ranged from
between 4 and 37%.

For the response of the transition points due to the inclusion of an HXR, two forms of the

energy deposition function Hx were used. The first form used the analytic form of the function

80



S (TX)T;b_l, where for computational efficiency, we found a hyperbolic fit to this given in equa-
tion (B.4). Recall that ¢ = (ax —1)/v where ax is the spectral index of the HXR SED and ~ is the
energy dependence index for HXR interactions and note that S(7x) is parameterized by ¢. When
the transition point of the PDR occurs at column densities less than Ny < 10%2° em™2 there is a
shoulder region where X-ray attenuation decreases significantly until a column density of Ny < 10%!

2

cm ™~ is reached. Under this form of the energy deposition function it is seen that the variation in

HXR flux at the transition point doesn’t show much variation within a given 64. When 64 = 10,

1

the HXR flux at the transition point is Fix /ng ~ 107° ergcms™! across the range aG = 0.01 — 10.

1

For 64 = 1, this becomes Fx /nyg ~ 107% ergems™! across the range aG = 0.01 — 10. This same

1

pattern occurs for 54 = 0.1, where Fy/ny ~ 1077 ergems™! across the range aG = 0.01 — 10.

Some variation to this shows up for for 54 = 0.01 where Fx/ng ~ 1078 — 107% ergems™! as
aG = 0.01 — 10. These Fx /ny values are taken where A ~ B. In regions where the attenuated
FUV is lower, aG = 0.01 — 0.1, the transition point of the PDR occurs at hydrogen column densi-
ties less than Ny < 10%° cm~2 and there is approximately a one magnitude increase in the HXR
flux required to cause a response in the transition point per magnitude increase in the metallicity.
For aG = 0.01, Fy/ny ranges from ~ 1079 to ~ 1075 as 54 = 0.01 — 10. This is due to the
formation rate of Hs being dependent on the normalized grain cross section. This effect decreases
as aG — 1—10 as the transition point from the PDR starts to occur at column densities that would
attenuate the HXR only field. As a comparison, an HXR only transition point occurs at an energy
flux per hydrogen nucleus of Fy/ny ~ 10~* ergems™! [3]. Thus the flux per hydrogen nucleus is
on the order of 1 to 4 orders of magnitude less to cause a response in the transition point.

A simplifying modification to the energy deposition function was made by ignoring the S(7x)
term. By doing this, in regimes where the transition point occurs at lower column densities than
where HXR attenuation would typically begin, i.e. N < 10?0, a deviation in the amount of HXR
flux per hydrogen nucleus required for a response occurs. This difference becomes more pronounced
as the PDR only transition point decreases and these ratios are given in Table 4.6. Under this
approximation there is essentially no variation in the HXR flux across o4 for a given aG. For each
magnitude increase in aG, approximately one magnitude more of HXR flux per hydrogen nucleus is
required for a transition point response. This can be seen in Figure 4.4. For oG = 0.01,0.1, 1, 10 the

amount of HXR energy flux per hydrogen nucleus at aA ~ 8B is Fx/ng ~ 1079,107%,1077,10~7
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! respectively.

ergcms

In order to make a simple analytic fit to the behavior of the response curve, we used the form
of the energy deposition function T)}d)_l. For FUV only transition points occurring at Ny > 10
cm ™2, the response at a one order magnitude increase in the column density of the transition point
due to an HXR flux is within one order of magnitude from the response to the S (Tx)T);(bil function.
This can be seen in Figure 4.8 and in Table 4.6. The analytic fit we derived for the response of
the PDR due to the HXR flux from Hyx T);(b_l was given in equation (4.12). The computational
curve showing the response compared to the analytic fit was with +0.2 dex across the parameter
space of our simulations, except for the 64 = 0.01 and aG = 10 plot. The higher Hsy dissociation
rate from the FUV field compared to the low formation rate caused a sharp response in the PDR
that caused it to curve more rapidly than in the other scenarios. The aG = 10 plots however all
had a more rapid response to the HXR field compared to the other aGG values considered.

¢-1 model, to

Future work on this project could be to develop an analytic fit for the S(7x)7y
examine the effect of metallicity on the HXR radiation field as well as the effect of attenuation of
the HXR field due to dust, and finally to use photoionization codes such as Cloudy or Meudon

PDR to investigate the transition points of these combined fields.
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Appendix A

Far-Ultraviolet Spectral Distributions

This appendix describes some of the different forms of a Draine FUV spectrum [7], and the units
and conversions (which aren’t always obvious) that are found in various papers. Some of the dis-
tributions found in the literature are given in terms of energy density [ergscm ™3], or as specific
intensities such as photon flux per unit energy [photonscm=2s~'eV~!], photon flux per unit fre-
quency [photons cm ™2 s~ Hz 1], energy flux per unit wavelength [photonscm=2s~! A~1] and so on.
These distributions may or may not be given in terms of per solid angle (47)~! [sr~!] or integrated
over all space (full 47).

In the examples given below, we shall denote the spectral distributions with the following nota-
3]; energy flux, f, [ergem™2s7!]

)

tion: energy density, u, [ergcm™ ; photon density, p, [photon cm™3];
and photon flux, ¢, [photon cm 257!, Further, a subscript will denote if the distribution is de-
pendent on the wavelength, frequency, or energy with the symbols A, v, and E respectively. If the
distribution and its differential are given in terms of cgs units, then the conversion between the
terms above is a relatively straightforward procedure. In some of the distributions given in the
references, care must be taken upon calculation as the distribution and its differential could be cast
in different units or physical constants may be in cgs units, have wavelengths in A or have energy

units in eV mixed together. We shall show those conversions explicitly in the examples given below

as well as convert all of the FUV spectral distributions to have wavelength dependencies in A.
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A.1 The Habing SED
A fit to the Habing field [6] was given by Draine & Bertoldi [12]

25 25 13
Uy = Auy, = <—6)\§—|—)\2

5 A3~ g )\3> x 107 [ergem ™3, (A.1)

where A\3 = \/103 A. This wavelength specific energy density is defined in terms of wavelength given
in units of A and it has been integrated over all space. This wavelength specific energy density

distribution can then be defined by

Upr = o [ergem ™3 A~ sr71]. (A.2)
In terms of equation (A.1) then this becomes
1 25 25 13 -1
=— — A2 A— 1071 A -1. A.
tex 47r< 6x 109" T 2x 100" 3x 107 > X 1077 fergem st (A.3)

The 1/4w term is required for the distribution since equation (A.1) has already been integrated
over all space and also it is given in terms of wavelength units of A~! as the function is defined in
those units.

To convert the wavelength specific energy density distribution to a frequency specific energy
density distribution, then the conversion u,,d\ = u,,dv needs to be performed. Using the substi-

tutions A = ¢/v and d\/dv = |c/v?| casts equation equation (A.3) into the form

Up

1 25 ¢ 25 2 13 ca
6 x 10904 2x 10003 3 x 103 12

v = I —= 4 —= ) x 107 [ergem ™3 Hz ' sr™1). (A.4)
The sign change that is ignored in the absolute value term above is only required in order to flip
the limits of integration, if (A.3) is being used within a definite integral, as the wavelength and
frequency are inversely related. Care must be taken when using equation (A.4) that the speed of
light is given in angstroms which we denote by ¢, = 2.998 x 10'® A s~!. If the speed of light required
is needed in cgs units, then it will be denoted by ¢ = 2.998 x 10'Y cms~!. Similar conversions as
those given above equation (A.4) are required when changing between wavelength, frequency and

energy. In those other cases, the units that are being used must be examined for the correct
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conversions.

In § A.1 we will use the wavelength specific intensity energy density distribution as the basis
for the conversions to other quantities of interest.

As given in equation (A.1) the energy density is given by multiplying the wavelength specific

energy density by the wavelength,

uy = My, [ergem P srl]. (A.5)
From this the energy flux can be found,
fr=clu,, [ergem Zs tsrl], (A.6)
the photon density,
Ny, -3 1
PA= [photon cm ™ sr™ 7], (A.7)
a
and the photon flux,
A2
g = % [photon cm™2s™ ' sr71]. (A.8)
a

The definite integrals for the energy density, energy flux, photon density, and photon flux,

equations (A.5)-(A.8) are then respectively given by

A2
Uy = / / Uy, dNdQY  [ergem 7], (A.9)
QJN\
A2
F,\:// Cup, dNdQ  Jergem 257, (A.10)
QJ
A2 Y
P\ = Yo g\ dQ [photoncm™], and (A.11)
h
Q A1 Ca
A2 A\
Q,\:// Ch&dkdﬂ [photon em™2 st sr1], (A.12)
QJ A Ca

where A1 < Ag.
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Table A.1: Habing SED

Wavelength specific @ 1000 A

(O I I PA
[ergem3sr!]  [ergem™2s !'sr7!]  [photoncm™2s 'sr™!] [photoncm 3 sr]
3.18 x 1071 9.54 x 107° 4.80 x 10° 1.60 x 1074
Integration between 912 and 1108 A
U, Fy Qx Py
[erg cm 3] [ergem 2571 [photon cm =2 s~ !] [photon cm ™3]
7.90 x 1071 2.37 x 1071 1.21 x 107 4.03 x 1074
Integration between 912 and 2066 A
Ua Fy Q@ Py
[erg cm 3] [ergem 2571 [photon cm 2 s~ 1] [photon cm ™3]
5.28 x 10714 1.58 x 1073 1.19 x 10% 3.97 x 1073

A.2 The Draine SED

A fit to the FUV interstellar background radiation was given by Draine [7],

pp = (1.658 x 10% (E.) — 2.152 x 10° (E.)* + 6.919 x 10° (E.)?) [photoncm™?s™ ' eV 'sr™ '],

(A.13)
where E. = (E/1eV). This energy specific photon flux distribution can then be defined as
_ dge -2 —1 y—1 -1
G = 7 oq [photoncm™“s™ eV~ st . (A.14)

There is a 1/47 term implicit in equation (A.13) which can be pulled out becoming

1
Gop = - <2.084 x 107 (E) — 2.704 x 10° (E)? 4+ 8.695 x 10* (E)3>

[photoncm™2s eVt (A.15)

To convert the energy specific photon flux distribution to a wavelength specific photon flux dis-

tribution then the conversion g,,dE = q,,d)\ needs to be performed. Using the substitutions
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E = hecg /X and dE/d\ = |heca /N?| casts equation (A.15) into the form,

1 h22 h33 h44
Up, = 47r<2084><107< < ) 2704><106< < >+8695><104( /\a))

[photon cm 2571 AT st (A.16)

where he = 4.136 x 1071 Vs and hec, = 1.240 x 10* eV A. From equation (A.16) the energy

density can be found as,
heg,

U\ = —(p, [ergem 2 sr Y], (A.17)
c
the energy flux,
fr = hcaqp,  Jergem s s, (A.18)
the photon flux,
qr = \gp, [photonem s s, (A.19)

and the photon density,

-3

A
PA= " dpa [photon cm ™3 sr™1]. (A.20)

The definite integrals for the energy density, energy flux, photon flux, and photon density,

equations (A.17)-(A.20) are then respectively given by

A2 heg
U,\—// qudAdQ [ergem™], and (A.21)
A1
A2 he
// — 2 dNdQ  Jergem Zs (A.22)
A1
A2
QA:// GpydNdQ  [photoncm™2s™, (A.23)
QJ\
A2 1
P\ = / / ~@p,d\dQ  [photon cm™?], (A.24)
QJxn €

where A1 < Ao.
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Table A.2: Draine SED

Wavelength specific @ 1000 A

(O I I PA
[ergem3sr!]  [ergem™2s !'sr7!]  [photoncm™2s 'sr™!] [photoncm 3 sr]
5.52 x 10719 1.65 x 1074 8.33 x 10° 2.78 x 107*
Integration between 912 and 1108 A
Ua Fy Q@ Py
[erg cm 3] [ergem 2571 [photon cm =2 s~ !] [photon cm ™3]
1.35 x 10714 4.06 x 1074 2.10 x 107 7.01 x 1074
Integration between 912 and 2066 A
Ua Fy Q@ Py
[erg cm 3] [ergem 2571 [photon cm 2 s~ 1] [photon cm ™3]
8.97 x 1071 2.69 x 1073 1.95 x 10® 6.50 x 1073

A.3 The Draine and Bertoldi SED

An alternative version of the Draine FUV interstellar background radiation was given in Draine

and Bertoldi [12, 7],

_4Ax 10 My <3.1016 x 1010 4.9913 x 103 | 19987 x 10%6

_35-1_ _
e 4 A4 e \6 > lergem @ A7 st (A.25)

where u,, is the wavelength specific energy density and is defined as,

_ duy
Up =

2= T3 a0 [ergcm ™3 A st (A.26)

x is a normalization factor to the Habing SED at a wavelength of 1000 A and is given as,

()\UHPA )1000 A
A.27
4 x 10714 ergem—3’ ( )

X

where up,, is equation (A.3) and x = 1.71. From equation (A.25) the energy density can be found

as,

3

uy = My, [ergem Psr, (A.28)
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the energy flux,

fr=cAu,, [erg em 2s7LsrTl], (A.29)
the photon flux,
eN? -2 —1_.-1
=3 Uy [photoncm™“s™ st~ ], (A.30)
a
and the photon density,
)\2
PA= 3 —Up, [photon cm ™2 sr™ . (A.31)
a

The definite integrals for the energy density, energy flux, photon flux, and photon density,

equations (A.28)-(A.31) are then respectively given by

A2
Uy = / / up, dNdQ  [ergem™?], and (A.32)
QJn
A2
F)\:// Cup, dNdQ  Jergem 257, (A.33)
QJ
A2 e\
QA:// —u,, d\dY [photoncm ?s™!], (A.34)
QJN hCa
A2 A
P,\:// —“—u, d\dQ) [photoncm™?], (A.35)
QJ\ hCa

where A1 < \g.
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Table A.3: Draine & Bertoldi SED

Wavelength specific @ 1000 A

(O I I PA
[ergem3sr!]  [ergem™2s !'sr7!]  [photoncm™2s 'sr™!] [photoncm 3 sr]
5.93 x 1071 1.78 x 107° 8.95 x 10° 2.99 x 1074
Integration between 912 and 1108 A
U Fy Q@ Py
[erg cm 3] [ergem 2571 [photon cm =2 s~ !] [photon cm ™3]
1.46 x 1071 4.37x 1074 2.26 x 107 7.52 x 1074
Integration between 912 and 2066 A
U, Fy Qx Py
[erg cm 3] [ergem 2571 [photon cm 2 s~ 1] [photon cm ™3]
9.13 x 1071 2.74 x 1073 1.98 x 108 6.59 x 1073

A.4 The Draine - Sternberg SED

Another version of the Draine FUV interstellar background radiation was given by Sternberg [2, 93],

1 2 3
G = ¢ <1.068 X 10*3(1) 1719 % 100(”—) 6.853 x 102(23)> [photon em™2s~ 1 Hz L sr™Y),

2
Cq (& a

(A.36)
where the substitution 1/\ = v/c, was made. This equation varies from that given in equa-
tion (A1) of [93], as equation (A.36) is given in wavelength equivalent units of angstroms where
as equation (Al) is given in wavelength equivalent units of nanometers. This frequency specific
photon flux distribution can be defined as,

_ dgy
v = 4040

[photon cm ™2 s~ Hz ! sr™!). (A.37)

To convert the frequency specific photon flux distribution to a wavelength specific photon flux
distribution the conversion ¢,,dv = g,, d\ needs to be performed. Using the substitutions v = ¢,/

and dv/d\ = |c,/\?| casts equation (A.36) into the form,

_cq (1.068 x 107%  1.719 x 10°  6.853 x 107
DT\ T e T T x

> [photon em™2s™! AT st (A.38)
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From equation (A.38) the energy density can be found as,

h
uy = ﬁqm [ergem ™ sr Y], (A.39)
c
the energy flux,
fr = heaqp, [ergem ?s ter, (A.40)
the photon flux,
qr = \gp, [photoncm s s, (A.41)
and the photon density,
A
Pr = =y, [photoncm ?sr!]. (A.42)
c

The definite integrals for the energy density, energy flux, photon flux, and photon density,

equations (A.39)-(A.42) are then respectively given by,

A2 he,
Uy = / / —2gp, dNdQ  [ergem ™), and (A.43)
QJ\ C)\
A2 e
F\ = / / —2qp, dNdQ  [ergem 257, (A.44)
aJa A
A2
Qy = / / GpydNdQ  [photoncm s~ (A.45)
QJ N
)\21
PA:// ~qp,d\dQ  [photon cm™?], (A.46)
QJ\ C

where A1 < Ao.
There are other SED’s based on [7] such as those found in [36, 37, 38] where the techniques

described in this appendix can be used to find radiation field quantities that may be needed.
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Table A.4: Draine - Sternberg SED

Wavelength specific @ 1000 A

ux I I Pa
[ergem3sr7!]  [ergem™2s7tsr7!]  [photoncm™2s7!sr™!]  [photoncm 3 sr]
5.42 x 10715 1.63 x 1074 8.18 x 10° 2.73 x 107*
Integration between 912 and 1108 A
U Fy Q@ Py
[erg cm ™3] [ergem ™2 571 [photon cm =2 571 [photon cm 3]
1.33 x 107 3.99 x 1074 2.07 x 107 6.89 x 10~*
Integration between 912 and 2066 A
U Fy Q@ Py
[erg cm 3] [ergem 257! [photon cm 2 s~ !] [photon cm ™3]
8.92 x 10714 2.68 x 1073 1.94 x 10% 6.48 x 1073
1072 -
] —— Habing
—— Draine
—— Draine & Bertoldi
—— Sternberg
1073 -
[m)
w ]
m /
1074 o
10_5 T T T T T T
2000 1800 1600 1400 1200 1000

Wavelength (4)

Figure A.1: A comparison of the SED’s in this appendix between 6 - 13.6 eV
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1074
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1100 1075 1050 1025 1000 975 950 925
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Figure A.2: A comparison of the SED’s in this appendix between 11.2 - 13.6 eV
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Appendix B

Hard X-ray Attenuation and Energy

Deposition

This appendix describes the computational solution of the HXR attenuation function as well as its
effect on the energy deposition rate. The attenuation function has two components to it, the energy

dependent attenuated spectral energy distribution function S(7x) and the optical depth T;(ﬁ_l.

The simpler of the two terms to calculate is the HXR optical depth dependent function 7;75—1
that was derived in equations (3.10) - (3.12) and it will be described first. This is simply found by

using the optical depth 7y = o x Ny where ox = 2.6 x 10722 cm?, and the exponent ¢ = (ax —1) /v

with the relevant values ax = 0.7 and v = 8/3 being used. This is shown in Figure B.1.
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1010 }
1016 |
1013
1020
107

104

Attenuation of Fx(N;?~1)

10t |

1072

10 -5 sl vl | sl sl | | ol
100 103 10° 10° 1012 1013 1018 1021 1024
Column Density Ny [cm~—2]

Figure B.1: The attenuation of FX(N§¢_1).

As described in § 3.1.1, the function S(7x) is found by calculating the generalized incomplete
gamma function up to the total hydrogen column density Ny in question. This is given here again

as

S(TX)E/ " et du (B.1)

where u = 7xE, 7, 7x = 0x Nt Umin = TXE];,IZI&X’ Umax = TXEIZ,Znin? Bl max = 100 keV, Ejp min =
1keV, ¢ = (ax —1)/7, ax = 0.7 and v = 8/3.

The calculation of the generalized incomplete gamma function was done as a difference of the
normalized lower incomplete gamma function. The relevant commands from the scipy.special
package in Python 2.7.10 are gamma (a) and gammaincc(a,x). This was done in two different ways:

one using a difference of upper incomplete gamma functions and the other using a difference of

lower incomplete gamma functions. Both gave identical results however the method using the
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lower incomplete gamma functions was on the order of 4 times faster than the upper incomplete
gamma functions and so that was used for the calculations. It will be seen in Figure B.2 that

floating point errors led to the function being non-smooth over its entire domain.

1072 1
10> r

108 3

S(tx)

10—11 r
10714 ¢

1071k

10—20 | | vl sl vl sl ol ol
100 103 10° 10° 1012 101> 1018 102! 1024

Column Density Ny [cm~—2]

Figure B.2: The attenuation term S(7x) calculated as a difference of lower incomplete gamma
functions using the scipy.special package.

To rectify this problem, the mpmath package was used to increase the number of decimal places
that the calculation used. This used the gammainc_gen low(a,x1,x2) command which gave the

smooth curve in Figure B.3
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10714

10717

1 0—20 | vl roud | vl o ol cod
100 103 10° 10° 1012 101> 1018 102! 1024

Column Density Ny [cm~—2]

Figure B.3: The attenuation term S(7x) calculated as a difference of lower incomplete gamma
functions using the mpmath package.

The total attenuation term B for the HXR field is given by the combination

(B.2)

This is shown in Figure B.4 It can be seen that the attenuation doesn’t become significant until

2 is reached. Note that the attenuation

a total hydrogen column density of about Ny ~ 10?° cm™
term B is not normalized to 1 as it is would be if it was strictly attenuating the HXR radiation
field. It is a part of the total energy deposition rate of the HXR along with the ”unattenuated”

portion . This is not a problem as the computation uses the combined 5B term to determine

densities.
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100 E— -f
1071 E 3

10_2 E— -E
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107 ¢ 3
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1 -5 | vl roud | vl o ol cod
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Figure B.4: The total attenuation term of the HXR spectrum.

As the solution of S(7x) is a function of the hydrogen column density, solving for the atomic and
molecular hydrogen fractions equations (4.2a) and (4.2b) respectively, is computationally intensive
so an analytic approximation to B was found. A close approximation was found for B in log-
log scale that is more computationally efficient. This approximation can be given by an oblique

hyperbola which is given in asymptotic form as

(0.000007268 Ny1 + B — 0.0522466)(0.8987Ny + B — 19.4507) = 0.04. (B.3)

For the computational model, equation (B.3) is given in terms of B(Ny)

B = —5.26963\/7.27113 X 10_3N12{ —3.13897 x 10~ Ny + 3.38921 — 0.44935Ny + 9.75147 (B.4)
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A comparison of equation (B.2) and (B.3) is shown in Figures (B.5) and (B.6)

100

B B
1071k

1072

B=S(tx)N;? 1

1073 ¢

—— Gen. Inc. Gamma Func

Hyperbola Approx.
10 -4 cod sl sl sl sl Lo ol ol !
100 103 10° 10° 1012 101> 1018 102! 1024
Column Density Ny [cm™2]

Figure B.5: A comparison of the analytic and numerical forms of S(7x )N ;I¢_1
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Figure B.6: A comparison of the analytic and numerical forms of S(7x )N I}‘ﬁ*l

attenuation begins to occur.

in the region where
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Appendix C

Analytic Best Fit Curves

6,=0.01, aG =0.01

107° : —— UV and X-Ray Transition Point
i Analytic Fit / :
1077k Analytic Fit £0.2 dex — .
108 3 3

10_9 g‘ -§

10-10] :

Fx/nylergcms™1]

10711} ]

= =

1072 :

10713 ;—

|l = = = = = =

T (I | T —
Column Density Ny [em~2]

Figure C.1: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.01 and « G = 0.01. A variation of + 0.2 dex is
shown around the analytic fit line (light grey strip).
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e
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Figure C.2: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.1 and o G = 0.01. A variation of & 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.3: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 1 and o G = 0.01. A variation of £+ 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.4: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 10 and a G = 0.01. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.5: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.01 and o G = 0.1. A variation of £ 0.2 dex is shown

around the analytic fit line (light grey strip).
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Figure C.6: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.1 and a G = 0.1. A variation of £ 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.7: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 1 and o« G = 0.1. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.8: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 10 and a G = 0.1. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.9: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.01 and o G = 1. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.10: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.1 and G = 1. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.11: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 1 and o G = 1. A variation of £+ 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.12: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 10 and oG = 1. A variation of £ 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.13: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.01 and o G = 10. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.14: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 0.1 and o G = 10. A variation of + 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.15: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 1 and aG = 10. A variation of £ 0.2 dex is shown
around the analytic fit line (light grey strip).
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Figure C.16: The HXR perturbation transition point curve (solid blue line) superimposed with the
analytic model (orange dashed line) for 64 = 10 and a G = 10. A variation of £ 0.2 dex is shown
around the analytic fit line (light grey strip).
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