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ABSTRACT

FORCE MULTIPLIER CALCULATIONS FOR X-RAY BINARIES AND
ACTIVE GALACTIC NUCLEI

by
Randall Cody Dannen

Dr. Daniel Proga, Examination Committee Chair
Professor of Physics & Astronomy
University of Nevada, Las Vegas

Motivated by the work done to explore the winds from hot stars (Lamers & Cassinelli 1999),
we develop a method for self consistently calculating force multipliers for Type 1 and Type 2 active
galactic nuclei (AGN), soft and hard start X-ray binaries (XRBs) spectral energy distributions
(SEDs). We find that the amplification to the radiation force can be as large as 100 even when the
gas is highly ionized due to Fe and O ions. We discuss future efforts to incorporate these findings

in magnetohydrodynamic simulations.
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CHAPTER 1: INTRODUCTION

We hope to show that line driving can be an efficient mechanism for driving winds from active
galactic nuclei (AGN) and help explain the presents of extreme Doppler shifts found in the broad
adsorption line line region and inform our understanding on the efficiency of line driving in X-ray
binary (XRB) systems. This document will consist of the four parts. Chapter 1 will be an over view
of the basic physics and the background of this problem. Chapter 2 will discuss how we calculated
our values for the force multipliers. Chapter 3 will present our results, and Chapter 4 will discuss
our main conclusions and future work.

1.1 BASIC PHYSICS
The change in momentum for an atom absorbing photon moving radially can be expressed as

mul, = mu, + (1.1)
C

where m is the mass of a given atom, A is Plank’s constant, ¢ the speed of light, v is the frequency
of the absorbed photon, v, the atoms initial velocity parallel to the absorbed photon, and v.. is
the atom’s velocity after absorbing the photon. After absorbing the photon, the atom may emit a
photon, then the total change in the momentum in the radial direction is

hv'
muv) = muv,. + — cos a, (1.2)
c

where v/ is the atom’s velocity in the radial direction after emitting the photon, ¢/ the frequency
of the emitted photon, and « is the angle away from the radial direction. Assuming that our atom
can only absorb photons of some specific frequency vy, hv < me, and v < ¢, the total change in
momentum along the radial direction as

hVO
—

Amu, = 1 —cosa). (1.3)

Integrating the previous equation over a sphere tells shows that assuming isotropic scattering, the
average change in momentum will be hiry/c. The same amount for the case of pure absorption.
For a given frequency, we can define the opacity accounting for stimulated emission,
2
me” Np/gL — Nu/gu
= T g / /

mMeC p

»(Av) (1.4)

where £, is the opacity with cgs units cm? g=!, me. is the electrons mass, e the electron charge,

gf the oscillator strength, Ny and Ny the lower and upper level populations with corresponding
statistical weights g, and gy, and ¢(Av) is the profile function where

Av=v—1
centered around Av = 0 and is normalized.

Figure 1.1. Simplified depiction of the momentum transfer by the absorption and emission of a
photon.




1.2 SOBOLEV APPROXIMATION
To simplify our calculations, we introduce the Sobolev approximation, one of the most effective
means if modeling spectra of astrophysical objects (V.P.Grinin, 2001). The approximation is as
follows: for an astrophysical object with large velocity gradients, the interaction between the matter
and radiation can characterized by it’s local properties. The characteristic length, often called the

Sobolev length, is given by
Uth

S =
YT dv/dl|
where dv/dl is the velocity gradient for some direction in the flow and any turbulent velocity is much

less than the thermal velocity, otherwise vy, would need to be replaced by \/vfh + vfmb, where Vi
is the turbulent velocity. For the spherically symmetric winds, dv/dl simplifies to dv/dr (Grinin
2001).

(1.5)

1.3 THE FORCE MULTIPLIER
One of the most useful applications of the Sobolev’s approximation was in Caster, Abbott, &
Klein (1975, CAK hereafter). They introduce an expression for the radiation force due to a single
atomic transition FA
KIL, v,
frad,L = %mln(Ll/TL) (16)
Where £, is the line’s opacity, 77, the line’s opacity, Av = vyvy,/c is the line’s Doppler width, and
F, is the specific flux. The line optical depth for a static atmosphere is given by

o0

TL ://iLdr, (1.7)

T

and for the expanding case
= KLPVth (1.8)
L avydr| '

CAK introduced a scaling factor for an expanding stellar atmosphere using Sobolev’s approxima-
tion,

_ 0epPUth

= . 1.9
|dv/dr| (1.9)
where o, is the electron scattering opacity. Note that ¢t = 77,/k. The total force due to lines is
feaa = “SFM(t) (1.10)
c
Where F is the total flux, M(t) is the total force multiplier, defined as
F.A 11
M(t) = . CFZ/D min <67 t> (111)
lines
in CAK, but we often see the total force multiplier as
FCAI/D 1 _
M) — S(1—e 1.12
() D (1= ) (112)

lines

(Abbott 1980, Stevens & Kallman 1990; SK90 hereafter), where

1 me® _Np/gr— Nu/gu
U:B: qf / / .

MeC oepAvp

(1.13)



The summations in equations 1.11 and 1.12 refers to summation over all atomic lines. CAK

parameterized these results as
M(t) = kt™® (1.14)

where k and « are fitted values that are dependent on the stellar atmosphere. The value k is
related to the availability of ions to absorb radiation and « is related to the underlying distribution
of oscillator strengths. For a star with temperature 40,000 K, k¥ = 0.0026 and o« = 0.737. More

generally,

k:@NOF(@)
c 11—«

(1.15)

where I'(a) is the complete gamma function and Ny is the normalization factor. CAK and later
Owocki, Caster, and Rybicki (1998) would give us an expression for the distribution of the line
strengths

dN = —Ngn*2 exp(—n/nmax)dndjy (1.16)
where Nmax is the line strength cut-off.

SK90 demonstrates a case where the ionization structure of the wind is determined by an
external source. They had a massive X-ray binary (MXRB) system where the primary object is a
massive OB star with a secondary companion that emits X-rays (a neutron star or black whole)
via accretion of the wind from the primary star. They show that the amount of ionizing flux from
the secondary object has an impact on the force multiplier. We use photoionization parameter to
characterize the X-ray radiation

L,
5 = RO
nr
where L, is the source luminosity integrated from 0.1 to 1000 Ry, n the nucleon number density,
and r is the distance from the source. Since the ionization structure was assumed to be dominated
the X-ray flux from the secondary object, they found that M(t) is a function of £ as well, reducing
the force multiplier at large £ and thus lowering the resulting wind’s velocity. SK90 parameterized
k and nyax using € as

(1.17)

k= 0.03 + 0.385 exp(—1.4¢%9) (1.18)

and
6.9 exp(0.16£%), logyy € < 0.5,

9.1exp(—7.96 x 1073¢),log,o € > 0.5,
This is an interesting result since it shows that moderately ionizing the gas

An alternative parameterization is given to us by Gayley (1995) by considering the ratio of the
forces on the bound electrons Fpoung and free electrons Flee

log 1o Mmax { , (1.19)

i [ oea il (1) o) dv
;ound _ 0 - (120)
free ({O'TO,LIV(IU,»CZV

where o, = me?/me, op = (8/3)0. is Thompson cross section, and I,,(y) is the incident continuum
along direction cosine p. Skipping many details to not overburden ourselves with notation, Gayley’s
main result is examining the effects of changing the assumed distribution of line opacities.

Puls et al. (2000) would find that Gayley’s formulation to be mostly consistent with CAK’s
but had would yield incorrect results if not carefully applied. They too found that the underly-
ing distribution of oscillator strengths to be important to the overall impact of the derived force
multiplier.



These works have shown that the line force multiplier can be very large using both an analytic
and semi-analytic approaches. Where there is a significant amount of UV flux, the force multiplier
can be on the order of a few thousand, but we also see that if there is a significant source of X-ray
flux, the gas can become over ionized, reducing the effectiveness of line driving (e.g. Proga 2007,
and references therein).



CHAPTER 2: METHODS

2.1 ATOMIC DATA
To create a full and rich line list, we merged the atomic data used by XSTAR and the line list
curated by Robert L. Kurucz, earlier versions of which were used by Abbott (1980 & 1982) and
SK90. We took care when merging these line lists to ensure that no lines were double counted.
Figure 2.1 demonstrates the distribution of these lines according to their energies.

2.2 TONIZATION STRUCTURE

We need to calculate the abundances of various ions as a function of £ for our selected spectral
energy distributions (SEDs). In earlier works, the ionization structure was assumed to follow simple
analytic formula, such as those found in Mihalas (1978). SK90 would use a full photoionization
code to determine the ionization structure of the gas, which would have been the predecessor of the
photoionizations code XSTAR. XSTAR is a command-driven computer program for calculating
the physical conditions and emission spectra of photoionized gases (Bautista & Kallman 2001).

Using two active galactic nuclei (AGN) SEDs, labeled AGN1 and AGN2 SEDs corresponding
to a Type 1 and Type 2 AGN respectively from two different epochs of NGC 5548 (Mehdipour et
al. 2015), and two X-ray binary SEDs (Trigo et al. 2013), one in a soft state labeled c6, and the
other in a hard state labeled ¢7, we used XSTAR to generate a grid of models along the thermal
equilibrium curve for £ = 1072 — 10°, similarly to the work of Dyda et al. (2017). These are shown
in Figures 2.3, 2.4, 2.5, and 2.6. All abundances assumed to be solar abundances.

2.3 CALCULATING THE FORCE MULTIPLIER
Combining our newly constructed atomic dataset and our ion abundances determined from XS-
TAR, we take this data and apply them to equations 1.13 and 1.12, the only additional assumption,
similar to SK90, to make is the level occupancy, which we assume follows the Boltzmann excitation
equation
N _ 9L —(Euv—EL)/kT (2.1)
Nuv  gu



Figure 2.1. Shown here is the distribution of the entries in our atomic datasets. Kurucz’s shown in red, XSTAR’s shown in blue, and
the total list after they were carefully merged shown in black.
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Figure 2.2. The top panels show the SEDs AGN1, AGN2 (left), c6, and ¢7 (right) with the flux in arbitrary units. The bottom panels
shows what fraction of the total energy is in each energy band (IR, optical, UV, X-ray, and range integrated for our definition of £ in
red, green, purple, dark blue-grey, and orange respectively).
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Figure 2.3. Shown here is are relative ion abundances for determined by XSTAR for AGNT1.
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Figure 2.4. Same as Figure 2.3 but for AGN2.
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Figure 2.5. Same as Figure 2.3 but for c6.
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Figure 2.6. Same as Figure 2.3 but for c7.
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CHAPTER 3: RESULTS

We present our main conclusions about the total force multiplier for our AGN and XRB type
SEDs in Figures 3.1 and 3.2. In Figures 3.5-3.12 we present how much each element and their ion

contributes to the total force multiplier. Tables 3.1-3.4 present the top five contributors to the total
force multiplier. and 3.2.
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Figure 3.1. Shown is the force multiplier M (t, &) for our four SEDs, labeled in the top right of each panel. The x-axis is our optical
depth parameter ¢, and the lines indicate differences Alog¢ = 1, stepping from -2 to 5, dashed for negative value, solid for positive. The
color is to give some indication relative value, going from low (blue) to high (red).
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Figure 3.2. Shown is the force multiplier M (¢,&) for our four SEDs, labeled in the top right of each panel. The x-axis is our
photoionization parameter &, and the lines indicate differences Alogt = 1, stepping from -8 to 2, dashed for negative values, solid for
positive. The color is to give some indication relative value, going from low (blue) to high (red).
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Figure 3.3. The left panels correspond to AGN1 and the right panels correspond to AGN2. The solid black line is the thermal equilibrium
curve determined by XSTAR corresponding to the right y-axis. The solid blue, dashed red, and dash-dotted green line correspond to
the total force multiplier, UV component of the force multiplier, and X-ray component of the force multiplier respectively. The shaded
region in the top two figures indicates where we’d expect the gas to become thermally unstable using the condition dIn7T/0In& > 1
(Field 1965). The bottom show npax for all lines, UV lines, and X-ray lines in solid blue, dashed red, and dash-dotted green respectively.
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Figure 3.4. The left panels correspond to ¢6 and the right panels correspond to ¢7. The solid black line is the thermal equilibrium curve
determined by XSTAR corresponding to the right y-axis. The solid blue, dashed red, and dash-dotted green line correspond to the total
force multiplier, UV component of the force multiplier, and X-ray component of the force multiplier respectively. The shaded region in
the top two figures indicates where we’d expect the gas to become thermally unstable using the condition dIn7/9In§ > 1 (Field 1965).
The bottom show Mmax for all lines, UV lines, and X-ray lines in solid blue, dashed red, and dash-dotted green respectively.
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Figure 3.5. We present details about the force multiplier due to individual elements for SED AGN1. We show only elements that
contribute at least 10% of the total force multiplier for any value of &.
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Figure 3.6. We present details about the force multiplier due to individual ions for SED AGN1. We show only ions that contribute at
least 10% of the total force multiplier for any value of €.
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M(t = 1076, &)
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Figure 3.7. Same as Figure 3.5 but for AGN2.
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M(t = 1076, &)

Figure 3.8. Same as Figure 3.6 but for AGN2.
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M(t = 1076, &)

Figure 3.9. Same as Figure 3.5 but for c6.
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M(t = 1076, &)

Figure 3.10. Same as Figure 3.6 but for c6.
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M(t = 1076, &)

Figure 3.11. Same as Figure 3.5 but for c7.
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M(t = 1076, &)
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Figure 3.12. Same as Figure 3.6 but for c7.
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Table 3.1. Table showing the top five contributors to the force multiplier for AGN1 with ¢t = 10~°
for various values of £&. The left column for each block indicates the ion the line belongs, then its
wavelength in angstroms, and then the value force multiplier for just that line My (¢, ).

AGN1
t=10"% log(€) ~0 Miorar(t,§) = 522
Ton Wavelength (A) Mg (t,€)
HI 1216 5.051
HI 1026 4.768
CIV 1550 1.550
NV 1239 1.355
OVI 1037 1.224d
t=10"° log(é) ~1 Miorar(t,§) = 123
Ion Wavelength (A) M (t,€)
HI 1216 4771
NeVI 401 1.02
OVI 150 0.945
OvVil 21 0.724
cv 40 0.6812
t=10"% log(¢) ~ 2 Mioral(t,§) = 24
Ion Wavelength (A)  Mp(t,€)
OVIII 19 0.604
SiX 303 0.399
FeXI 180 0.340
FeXII 202 0.330
FeXIV 284 0.290
t=10"% log(£) ~ 3 Mioral(t,§) = 20
Ton Wavelength (A) Mg (t,€)
FeXXIII 777 7.328
FeXXII 1157 3.546
FeXXII 1344 2.640
FeXXII 3738 2.172
FeXXII 9586 1.561
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Table 3.2. Same as Table 3.1 but for AGN2.

AGN2
t=10"° log(é) ~0 Miopar(t, €) = 1635
Ion Wavelength (A) M (t,€)
HI 1216 5.992
HI 1026 5.769
CIv 1550 1.840
CIII 977 1.562
NV 1239 1.520
t=10"° log(¢) ~ 1 Miora(t, €) = 117
Ion Wavelength (A)  Mp(t,¢)
HI 1216 7.522
HI 1026 4.023
CIv 1548 2.227
NV 1239 1.907
OVI 1038 1.849
t=10"° log(¢) ~ 2 Mot (t,€) = 9.2
Ion Wavelength (A)  Mp(t,€)
HI 6563 0.409
OVI 1032 0.171
FeXI 180 0.096
FeX 174 0.089
FeXII 187 0.089
t=10"° log(é) ~ 2.6 Miotal(t,€) = 22
Ion Wavelength (A)  Mp(t,€)
FeXXIII 1157 6.200
FeXXIIT 1345 4.725
FeXXIII 3739 3.909
FeXXIIT 9587 2.193
OVIII 1303 0.416
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Table 3.3. Same as Table 3.1 but for c6.

c6

t=10"° log(é) ~0 Miotar(t,€) = 78
Ion Wavelength (A) M (t,€)

o1v 22.74 1.916

OIII 23.07 1.674

OIII 23.10 1.634

Oo1v 22.77 1.501

ov 22.37 1.495

t=10"° log(é) ~ 1 Miotar(t, ) = 48
Ton Wavelength (A)  Mp(t,¢)

OVII 21.60 2.181

OVI 22.02 4.023

OVl 22.04 2.227

OVIII 18.97 1.907

oV 22.37 1.849

t=10"°" log(¢) ~ 2 Mot (t, ) = 17
Ion Wavelength (A) M (t,€)

OVIII 18.967 1.160

OVIII 18.973 0.662

NeX 12.13 0.391

FeXVII  15.02 0.363

FeXVIII 14.21 0.326

t=10"% log(¢£) ~ 25 Mo (t,6) = 15
Ion Wavelength (A)  M(t,£)

FeXX 12.89 0.579

FeXX 12.83 0.445

FeXX 12.98 0.372

OVIII 18.97 0.358

FeXXI 12.28 0.329
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Table 3.4. Same as Table 3.1 but for c7.

c7
t=10"° log(¢) ~0 Miota(t,€) = 113
Ion Wavelength (A)  Mp(t,£)
ov 22.37 3.131
O1v 22,74 2.942
Oo1v 22.77 2.353
OVI 22.02 2.111
OVI 22.03 2.018
t=10"% log(¢) ~ 1 Miorar(t,€) = 59
Ion Wavelength (A)  Mp(t,€)
OVII 21.60 3.194
OVIII 18.97 2.496
OVII 18.63 1.571
OVIII 18.97 1.567
CVI 33.73 1.287
t=10"% log(¢) ~ 2 Miorar(t,€) = 20
Ion Wavelength (A) M (t,€)
OVIII 18.967 1.246
OVIII 18.973 0.684
NeX 12.13 0.455
FeXIX 13.53 0.385
FeXVVII 15.02 0.374
t=10"% log(¢) ~2.5 Moo (t,€) = 21
Ion Wavelength (A) M (t,€)
FeXX 12.89 0.947
FeXX 12.83 0.737
FeXX 12.98 0.582
FeXXI 12.28 0.483
FeXX 12.86 0.353
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CHAPTER 4: CONCLUSION, DISCUSSION, & FUTURE WORK

We confirm the claim made by Puls et al. (1999) that the line force is a consequence of the small
contributions pf many thousands of lines rather than a consequence of only a few.

We see that there is a secondary enhancement in the for all SEDs, most prominently for the
SED AGN1 and AGN2, in the region log& ~ 2.5. This could lead to a secondary region where line
driving becomes efficient.

Spectral lines belonging to Fe and O seem to be primary contributors to the force multiplier
when the gas is highly ionized (£ > 100), but we see contribution from many different elements
when the gas is less ionized (¢ < 100). The force multiplier results for the XRB cases show us that
X-ray lines can also play an important role in line driving since most of the total flux is in the
X-ray band for SED c¢6 and c7.

Future work will involve taking the findings shown here and implementing them into the mag-
netohydrodynamic (MHD) code ATHENA++ (Gardiner & Stone 2005, 2008). We wish to charac-
terize the regimes where line driving is important in the description of the dynamics of the resulting
wind and similarly to the work of Waters et al. 2017, create synthetic spectra to compare with
observation. Preliminary 1D results will be shown in Figure Figure 4.1, but with the goal of 2D
and 3D simulations. more information can be found in the Appendix and Dannen & Proga (2018,

in prep).
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Figure 4.1. Preliminary results from ATHENA++ using both the heating and cooling model
described in Dyda et al. (2017) and force multiplier values shown in Chapter 3. Models run-01
and run-02 correspond to wind from a central object with M = 1My and M = 10M, for run-03.
po = 1.30 x 10713 run-01 and run-02, and py = 3.27 x 1072 for run-03. R;y is 4.60 x 10'% cm
for run-01, 1.46 x 10'2 em for run-02, and 2.91 x 10%° ¢cm for run-03. More detailed results will be
shown in Dannen & Proga (2018, in prep.)
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APPENDIX: MHD BASICS

We seek to incorporate our force multiplier results shown in Chapter 3 with our previous work
from Dyda et al. (2017). We seek to use the magnetohydrodynamic code ATHENA++ (Gardiner
& Stone 2005, 2008), heating and cooling rates determined by the photoionization code XSTAR,
and our newly derived force multipliers to determine if it’s possible to have a line driven wind. The
basic fluid equations that need to be solved

dp
%" + V- (pvv +P) = —pV® + pF2d, (A.2)
E
%+V~((E+P)v) = —pv-V® — pL + pv - Frad (A.3)

where p is the fluid density, v is the fluid velocity, P is the diagonal tensor with the components
of P the gas pressure, ¥ = —GM/r is the gravitational potential due to the central object, and
E = 1/2p|v|? 4+ £ is the energy where & = P/(y — 1) is the internal energy, and £ is the cooling
rate. We adopt an equation of state P = p” Where the radiation force can be split into the electron
scattering and line components. The radiation force due to electron scattering is

1dQ)
Frod — # (ﬁgec ) , (A.4)
and the radiation force due to lines

Frad = # (M(t,g)ﬁ"eld9> , (A.5)

Cc

making the total radiation force

Frad — # <[1 + M(t,{)]ﬁaelc dQ) (A.6)

(Dyda & Proga 2018a, 2018b).
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