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Abstract

Despite many years of study, there are still many aspects of astrophysical jets that are still not fully
understood. These aspects include topics such as how jets are formed and what it is that sets the jet
break frequency. Using computational models to model data from sources launching jets can provide
us with valuable information in answering these questions. In this thesis I will present the results
of modeling the data from the quasi-simultaneous observation of the X-ray binary MAXI J1836-194
during its 2011 outburst using BHJet, and discuss the evolution of the changing parameters and
how they are connected to the changes in the accretion disk and the launching of the jet. Results
of the modeling showed a connection between certain parameters and the changing photon index,
which were used to connect the theoretical basis for the changing break frequency with the changing
photon index.
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1 Introduction

An astrophysical jet is a phenomenon found in many different compact objects, such as pulsars,
active galactic nuclei (AGN), and X-ray binaries (XRB). A jet is an ejection of ionized matter from
a compact object that may occur when plasma from an accretion disk is approaching the compact
object and launched perpendicularly to the accretion disk, along the axis of its rotationDespite
decades of study and many proposed models, their launching process is still not fully understood.
One aspect that is understood though, is that the launching of jets is connected to changes in the
accretion disks around the compact objects.

An X-ray binary is a binary star system consisting of a normal star orbiting a compact object,
either a neutron star or a black hole. In these systems, material from the star will be transported
towards the compact object; either due to the star orbiting close enough to the compact object for
their gravitational potentials to overlap, or due to material from stellar winds being captured by
the compact object (Lewin and van der Klis ). Because angular momentum is conserved, this
material will go in orbit around the compact object, eventually forming an accretion disk. Due to
factors such as magnetic tension and viscosity acting on fluid elements of different velocities, the
material in the disk will heat up and lose angular momentum by radiating away energy. This causes
the material to fall towards the CO, and an accretion disk is formed. The outer disk mostly emits
radiation in the optical range, while the innermost part of the disk (~ 10Rg) emits X-ray radiation,
hence the name.

In addition to the emission from the accretion disk, XRBs can emit X-ray radiation from inverse
Comptonization (IC), where relativistic electrons in the jet hit low-energy photons coming from
e.g. the disk or companion star, boosting the photons to higher energies. X-ray binaries also emit
radiation at other wavelengths, most notably in the radio band. This is due to the effect of the
magnetic field from the jet affecting the movement of the electrons, causing them to move helically
along the field line, emitting synchrotron radiation in the process.

X-ray binaries spend the majority of their lifetime in a low-luminosity quiescent state due to low
levels of accretion which gives the source a low luminosity (~ 103°=32erg s=!), but undergo drastic
changes in the radio and X-ray emission during outbursts (Homan and Tomaso Belloni ). At
the beginning of these outbursts, the source is initially in a so-called Low/Hard state (LH), where
the X-ray emission is dominated by a power law-like spectrum with a weak blackbody component
(Tananbaum et al. , Remillard and McClintock ). The former is believed to come from a
geometrically thick, optically thin accretion flow or a jet base, while the latter is from a truncated,
geometrically thin, optically thick accretion disk (Shakura and Sunyaev ). This state is also
associated with steady, partially self-absorbed, compact jets (Dhawan, Mirabel, and Rodriguez ,
Stirling et al. ).

During a typical outburst, the source will transition from the the hard state, go through the
intermediate states (first the hard-intermediate state (HIMS) and then soft-intermediate (SIMS)
state), until finally settling in the High/Soft (HS) state. In this state, the X-ray spectrum exhibits
a blackbody-like spectrum due to a geometrically thin, optically thick accretion disk which extends
to the innermost stable circular orbit (ISCO). The ISCO is the smallest stable circular orbit which
a test particle can stably orbit the compact object. The jet is not observed in this state, meaning
it is either 'dark’, (i.e. it doesn’t emit radiation) or the jet is quenched.

The current understanding of how outbursts work is that some part of the accretion disk reaches
sufficiently high enough temperatures to start ionizing hydrogen due to a switch in the viscosity of



the disk (Meyer and Meyer-Hofmeister , Coriat, R. P. Fender, and Dubus ), which leads
to an increase in the accretion rate. This leads to heating of the inner disk, leading to more seed
photons for the inverse Comptonization, as well as greater radio flux density due to an increase in the
matter directed into the jets. Eventually the geometrically thin, optically thick Shakura-Sunyaev
disk reaches the innermost stable orbit of the compact object, and replaces the corona supporting
the launching of the jet. The source is then in the soft state, where the jet has disappeared, and
the spectral energy distribution (SED) of the source can be described with just the emission from
the accretion disk. The accretion rate will eventually start to diminish, and the inner accretion disk
will evaporate into a corona, and the jet is reestablished. There are also cases where the source will
fail to reach the soft state, in which case the outburst will have "failed", though it is not yet fully
understood why certain outbursts fail.

In the hard state, the radio spectrum typically follows a power-law (F'(v) < v%), where a > 0.
This spectrum is due to optically thick synchrotron radiation from the electron population having
different energies in different parts of the jet due to cooling processes. Summing up these populations
forms the flat SED. The spectrum follows this power-law up to a a given frequency, v, known as the
break frequency, where we can see emission from the electron population closest to the BH. Above
this frequency the spectrum follows an inverse power-law (o ~ —0.5).

At the end of the outburst, the source will gradually transition back through the intermediate
states and return to the hard state. During these transitions the jet is formed again. The outburst
ends with the source eventually fading back to quiescence.

These outbursts occur relatively frequently, over the course of relatively short time spans (months).
This makes XRBs of special interest, as they are excellent laboratories for the study of accretion,
and thus the formation of jets.

As already mentioned, there are still many aspects of astrophysical jets that are still not fully
understood. Modeling a source using a jet model during its outburst and seeing how the parameters
and other properties evolve over time can give more information to help us better understand these
aspects. The model I will use for this purpose is a new state-of-the-art jet model called BHJet.

BHJet is a scale invariant, steady-state, multi-zone jet model used for modeling the spectral
energy distribution of various astrophysical jet sources such as AGNs, blazars, and X-ray binaries
(Lucchini, Ceccobello, et al. , S. Markoff, Nowak, and Wilms , Lucchini, T D Russell, et al.

). The BHJet model has its origins in the work of Falcke and Biermann , who built upon
the work of Blandford and A. Konigl to give a semi-analytical dynamical jet model in which
the disk and jet form a coupled system, enforced by setting the jet power to be proportional to
Mc?. The dynamical treatment was extended by S. Markoff, Falcke, and R. Fender to give
a full multi-zone, multiwavelength model called agnjet. This model has undergone several major
changes due to certain shortcomings, such as only being able to accelerate to mildly relativistic
Lorentz factors (7 &~ 2 — 3) and violating energy conservation by a factor of &~ 2 (Patrick Crumley
et al. ). These issues were addressed and led to an improved dynamical model "flavor" called
bljet, that uses a Bernoulli approach to treat the jet energy budget and magnetic content of the
outflow more self-consistently. The most recent update improved the IC calculation, allowing the
code to transition from single to multiple scattering regimes when calculating the SSC component,
making it able to handle a larger range of optical depths and electron temperatures.

Prior models only looked at the jet as a single zone, where all the jet emission was assumed to
originate from a single, spherical blob of plasma at some location in the jet (Tavecchio, Maraschi,
and Gabriele Ghisellini , Bottcher et al. ). This new model uses a multi-zone approach



instead, using one of the two model flavors agnjet or bljet. agnjet assumes negligible contribution
from the magnetic fields, and the jet is assumed being mildly relativistic and pressure-driven, with
efficient particle acceleration. agnjet also assumes either adiabatic or quasi-isothermal jets, where
the adiabatic model assumes that as the jet expands and propagates, the particles in it will cool
adiabatically and don’t re-accelerate or re-heat again, while the quasi-isothermal model assumes
an unspecified acceleration mechanism (e.g. internal shocks) that re-accelerates the particles, ap-
proximately maintaining the electron temperature. bljet meanwhile, treats the jet as being mildly
magnetized, where most of the particle acceleration comes from the conversion of magnetic field
energy into kinetic energy, letting the particles reach arbitrarily high Lorentz factors. Regardless
of which model is used in the modeling, several parameters are set when fitting the model to a
given SED. These parameters describe various properties of the source such as the disk luminosity,
electron temperature in the jet nozzle, and the mass of the black hole, thus giving information of
what the source is like based on the observed SED.

In this thesis I will use the data taken during the quasi-simultaneous observation campaign of
the XRB MAXI J1836-194 during its 2011 outburst. The source was seen to begin its outburst on
August 30 2011 with Monitor of All-sky X-ray Image (MAXI)/Gas Slit Camera (GSC; Matsuoka
et al. ) on the International Space Station(Negoro et al. ). It was classified as a black
hole candidate (Miller-Jones et al. , D. M. Russell, T. Belloni, et al. , Strohmayer and
Smith ) with spin a = 0.88 + 0.03 (Reis et al. ) and inclination 4° — 15° (T. D. Russell,
Soria, Motch, et al. ). The source was observed to have transitioned from the hard state to the
HIMS on September 11 2011, but rather than continuing this transition to the soft state, the source
instead "failed" its outburst and returned to the hard state on 2011 September 28, where it then
faded towards quiescence. In this thesis, I will use the data from this outburst and model it using
the BHJet model to find the best-fitting parameters. These parameters and other properties of the
jet will then be discussed with regards to how they evolve over time, and how they are connected to
each other, with a focus on the anti-correlation between the break frequency and the photon index
as observed by Koljonen et al.

In section 2 I go over the data of the outburst, and in section 3 I explain how the BHJet model
works and how the data was fitted with the model. Section 4 goes over the results that were obtained
from fitting, while section 5 will be a discussion and interpretation of the results of the fitting. A
summary and conclusion is provided in section 6.



2 Observations

MAXT J1836-194 was first detected on August 30 2011 by MAXI/GSC, after which more observa-
tions of the source were taken with the Karl G. Jansky Very Large Array (VLA) on September 03
2011. Said observations triggered a campaign of further observations during the outburst and its
subsequent decay until December 03 2011, though we only consider observations that were quasi-
simultaneous with the mid-/near-IR, optical and X-ray data.

The datasets used were provided by Thomas Russell and are the same as the ones that were used
in his paper (T. D. Russell, Soria, Miller-Jones, et al. ). Some additional changes in the data
had to be made before fitting. No simultaneous radio data were observed that coincided with the
2011 October 27 mid- /near-IR and X-ray data, but the source was observed on 2011 October 22 and
2011 November 01. The radio spectrum was thus estimated by simply averaging the spectra over
the two dates and assuming that the result corresponded to the radio emission for 2011 October 27.
The UV/IR/optical data had to be dereddenend, which was done using the ccm89 function from
the extinction module (Cardelli, Clayton, and Mathis ). Since absorption due to dust in the
interstellar medium is not expected to change significantly over time, E(B—V') = 0.53mag was used
as a global parameter in the dereddening, with said value being taken from T. D. Russell, Soria,
Miller-Jones, et al. . In addition, the X-ray data was rather cluttered, making for difficult
to read plots. To make the plots more readable, the X-ray data was split into sets of 20, and
their respective frequencies and fluxes were averaged over, reducing the number of data points, and
making for better looking plots. It should be noted that this was only done for presenting the plots,
the complete set of X-ray data was used when the data was fitted. Lastly, some data points in the
X-ray range were removed due to having disproportionately high or low flux, and were dismissed as
most likely being noise.



3 Modeling the data

3.1 BHlJet

The spectra were modeled using BHJet, a new and improved semi-analytical jet model used to
model various jet sources, such as X-ray binaries and active galactic nuclei. How the model works
in explained in the following:

3.1.1 Particle distributions

The BHJet model works by splitting the jet into multiple zones and calculating the particle dis-
tribution in momentum space for each zone. This particle distribution is then used to find the
contributions to the SED from the various sources of radiation, e.g. from inverse Comptonization
or the accretion disk.

The particle distribution is given in terms of dimensionless momentum, ¢ = mLc’
relativistic momentum, m is the particle mass, and c is the speed of light. The Lorentz factor of the
particles is then v = /0% + 1. BHJet supports five different types of particle distributions, though
for our source and the parameters we chose, only two of them will be used. These two distributions
are Thermal and Mixed. The two distributions used were first introduced in S. Markoff, Falcke,
and R. Fender , and further developed in Connors et al. and Lucchini, T D Russell, et al.

. The first distribution, Thermal, is a standard Maxwell-Jiittner distribution, used for standard
thermal particles:

where p is the

(o)

Nin (0) = Nooe™ ", (1)
where © = kT./m.c? is the lepton temperature in units of mec?, and Ny is the normalization,
defined as Ny = m, where n is the particle number density.

NonThermal is one of the unused particle distributions, and is a non-thermal distribution which
can be modeled as a power-law with an exponential cutoff:

Nnth(@) = NOQ_Se_Q/gmaxa 0 > Omin (2)

where s is the power-law slope, and gmin and Emax are the minimum and maximum momenta.
The second distribution used, Mixed, is a combination of Thermal and NonThermal, defined as

N ( ) _ (1 - fnth) Nth(@) 0 < Omin (3)
o (1 - fnth) Nth(@) + fnthNnth(Q) Y Z Omin

where g, is the average momentum of the thermal pool. In this distribution, the power-law
component thus contains a fraction fy, of the total particle number density n, with the rest being
in the thermal pool. This follows the behavior observed in particle-in-cell simulations, as in e.g.
Sironi, Petropoulou, and Giannios and Crumley et al. . The Thermal distribution is used
for particles at the start of the jet, while the Mixed distribution is used in the dissipation region
where non-thermal particles are injected. Fig. 1 shows how the two distributions differ from each
other. This figure shows the number density as a function of momentum on the left and of the
Lorentz factor on the right. The difference between the two is apparent, with the non-thermal
distribution having a power-law tail for the higher momenta There is a small discontinuity at the
peak of the Mixed distribution, but this is negligible for fy, < 0.5. Had I chosen fu, > 0.5 in the
modeling, one of the other distributions not covered here would have been used instead.
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Figure 1: Difference between the two particle distributions used in this thesis. The left panel
shows the difference as functions of particle momentum, while the right panel shows it as functions
of the Lorentz factor.

All non-thermal particle distributions include methods to calculate the effects of cooling once
the particles have reached a steady state. The two methods used in this thesis are radiative and
adiabatic cooling, the former causing the particles to lose energy through a given form of radiation,
while the latter causes energy loss due to the expansion of the jet. The radiative loss term is defined
as (G. Ghisellini, Haardt, and Svensson ):

4JtCUrad

27, (4)

. q=
Ora 3m362

where ot is the Thomson cross section, and U,,q is the energy density for the appropriate cooling
method. The adiabatic loss term is defined as:

: Bexpc
0ad = —2—0, (5)
r
where Beyp is the expansion speed of the emitting region and r its radius. The steady-state particle
distribution, assuming constant injection, is then found by solving the equation:

_ [ Q(e)de

N(o . :
( Qad + Orad

(6)
where @) is the injection term, defined as Npix(0)/tinj, Where tinj is the injection time, defined as
tinj = 7(2)/c, where 7(z) is the radius of the jet.

3.1.2 Radiation sources

The particle distribution is used to calculate the spectral energy distribution for each part of the jet,
as the number of particles and their associated momenta affect two of the main sources of radiation.
These radiation sources are inverse Comptonization and synchrotron radiation from the jet. BHJet
uses the classes Compton and Cyclosyn to model these. Fig. 2 shows a schematic giving a simple
model of the different types of radiation and where they come from.



3.1.2.1 Thermal radiation

BHJet also includes the classes BBody and ShSDisk to model thermal radiation. BBody gives standard
black-body radiation, which can come from e.g. the companion star or disk irradiation. The black-
body model requires a temperature Ty, and a luminosity Ly, with the specific luminosity for a
given frequency (v) being calculated as:

Ly 2hv3

Lyy(v) =
( ) USbTébCZ ehu/kab — ]_’

(7)

where h is the Planck constant and oy, is the Stefan-Boltzmann constant.

ShSDisk models radiation from the accretion disk, modeling it as a Shakura-Sunyaev disk
(Shakura and Sunyaev ). This class has as parameters the truncation radius, ri,, the outer
radius, rout, the viewing angle, 6, and either a luminosity Lgq or a temperature T, at the ISCO.
Assuming a simplified boundary condition (Kubota et al. ), Tin and 7y, are connected:

1/4
To= (-4 ) ®)
20’sb7"i2n

The specific luminosity of the disk is calculated as

Tout hy3
— 2
Lqa(v) = COS(Q)/T dmr (T 1)dr, 9)

in

with T'(r) being the standard temperature scaling for an accretion disk, T'(r) o (r/riy)~%/*. The
disk scale height is taken to be
H/R = rnax(().l,Ld/LEdd), (10)

where Lgqq is the Eddington luminosity of the black hole, defined as Lgqq = 1.25-103% (%) erg/s,
where M is the mass of the black hole, and M is the mass of the sun.

3.1.2.2 Cyclo-synchrotron radiation

Depending on if the particles are in the relativistic regime or not, the code use either synchrotron
or cyclotron radiation, the emission being based on the model by Blumenthal and Gould . For
~v > 2, the particles are in the relativistic regime and emit synchrotron radiation whose standard
emissivity is

Js'v) = K53(y)dy, (11)

V3e3Bsin 6 v /°°

2 /
mecC Vg ! fnul,

where ¢/ is the emitted frequency in the co-moving frame of the emitting region, v the Lorentz
factor of the emitting electrons, B the magnetic field in the emitting region, 6 the electron pitch
angle, e the electron charge, and v, = 3e B2 /4mwmec is the scale synchrotron frequency. An isotropic
distribution of pitch angles is assumed, and an average over them being used.

For v < 2, the code uses the cyclotron emissivity (G. Ghisellini, Haardt, and Svensson ),

402 opcll, 2 21 =V /v))
—_— ex
3 1432 P 11302 |’

je',v) = (12)



where Uy, = B?/87 is the magnetic energy density in the emitting region, and v = eB/27wmec
is the Larmor frequency. Regardless of whether cyclo- or synchrotron radiation is used, the total
emissivity is

Ymax

J) = / Ny ()i, (13)
8l

which is an integral over the particle distribution, averaged over all pitch angles. In addition, the
absorption coefficient is

s N(y) d
)= [T ED L (i ) 1)
Ymin

and the co-moving luminosity is

12 ;1 /
L) = 167V’ 5'(V') (1 B 6_7/(,/)) 7 (15)

2 o)
where V is a re-normalising factor depending on the emission region geometry; V = R? for a sphere
of radius R, and V = HR for a cylinder of radius R and height H.
()

s

= 20 (V) ROF(0) (16)

is the cyclo-synchrotron optical depth, with f(f) = sin(f) for cylindrical emitting regions, and
f(0) =1 for spherical regions.

3.1.2.3 Inverse Comptonization

Similar to the synchro/cyclotron case, the code uses the inverse Comptonization equations of Blu-
menthal and Gould . For each lepton Lorentz factor v, interacting with a photon field with a
number density N (), the scattered photon spectrum in the co-moving frame of the emitting region
is
dN 27mr2mec® N (€g)deg
dtdq N Y€o

Fic (¢, Te) (17)

where €y and €; are the initial and final photon energies, r. is the classical radius of the electron, ~y
is the electron’s Lorentz factor, and Fic (q,T) is defined as

(FeQ)Q (1- Q>.

F(q,Te)=2qlng+ (142¢)(1 —q) +
(¢,Te) =2qIng + ( q)(1—q) 21+ Tog)

(18)
This term accounts for scattering in the Thomson or Klein-Nishina regime through the quantity
T'e = 467/m602, occurring in the former for I'y < 1 and in the latter for 'y > 1. The quantities
q and E; are defined as ¢ = F1/(Te (1 — E1)), and E; = €1/ymec®. The former accounts for
photon energy gain from €y to €; and the latter is the final photon energy in units of the initial
electron energy. Integrating over the particle and seed photon distributions gives the spectrum for

an individual scattering order:
dN dN
= N drydeg. 19

i = | | YO g (19)




Multiplying this with he; and the volume of the emitting region V', gives the specific luminosity. If
the Thomson optical depth 7 = neotR > 1 then only emission from the outer shell of the region is
assumed to escape, down to the skin depth for which 7 = 1.

Successive scattering orders are calculated by passing the last output of equation 19 into the
same equation. The total spectrum is then the sum over all scattering orders:

dNtot Te,’T dN
dtde, Z / / N =g, e, e (20)

where f(T¢, 7) is a re-normalization factor introduced to take into account the effects of full radiative
transfer, escape probability, and pair production/annihilation.

3.1.2.4 Photon fields

Inverse Comptonization requires seed photons, and the model has three ways of inserting the photon
fields that are involved. The first method is using the photons from the synchrotron radiation, the
second is using photons from black-body radiation, coming from e.g. the companion star, and the
last method is using the radiation emitted from the accretion disk.

The first method estimates the target photon distribution as

L)

N(EO) = Ch21//R2’

(21)
where L. and v/ are respectively the luminosity and frequency of the emitted synchrotron photons
in the co-moving frame, and R is the radius of the emitting region.

The second assumes a black-body with energy density U/, ; and temperature T}, , calculated in
the co-moving frame of the emitting region. The photon ﬁeld is then

2U1:adyg
he2os T [exp (eo/knTHy,) — 1]

N(eo) = (22)

where vy = €g/h is the initial photon frequency.
The final method assumes an optically thick, geometrically thin disk, where the photon distri-
bution is found by integrating the temperature profile along the disk radius:

Qmax 42 (6)
N(ep) = /amin o3 (ehl,((;)/ka(a,é) _ 1)

da, (23)

with amin = arctan (Riy/2), amax = arctan (Rout/ (2 — HRout/2)) if 2 < HRout/2 and amax =
m/2arctan (Rout/ (2 — HRout/2)) otherwise, to account for the change in viewing angle of all the
disk regions. v(6) and T'(a,d) are the photon frequencies and disk temperatures for each viewing
angle, corrected for Doppler beaming if the emitting region is moving with the disk.

3.2 Doppler boosting

Both the cyclo-synchrotron and IC classes track both co-moving and observer frame luminosities
with the standard Doppler transformations:

L.s(v) = (5°‘L’C’S(V'); v=2oV (24)



« depends on the emission geometry, with o = 3 for spherical regions and o = 2 for cylindrical
regions.

Agnjet Bljet

Blandford-
Kénigl
Constant conical jet
pressure-
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collimation

0

Jet nozzle/corona

Figure 2: Figure explaining the idea behind the model and the different sources of radiation.
Arrows are the types of radiation, and the darker and lighter opacity corresponds to which parts
of the jet are more or less bright, respectively. In the left figure, the blue and green components

correspond to the thermal and non-thermal parts of the jet, respectively.

3.2.1 Jet model assumptions

In modeling the jet emission with BHJet, various assumptions are made independent of the model
flavor or source type. The model assumes that a power INV; is injected into the two jet nozzles given
by

Nj = 2775 B070¢ne.0 feq (B 1, (1)) 5 (25)

where rq is the nozzle radius, S is the initial speed, assumed to be 8y = /' (I' — 1) / (T + 1) = 0.43,
which is the speed of sound of a relativistic gas with adiabatic index I" = 4/3, 7 is the initial Lorentz
factor of the particles, set to 1.09 by using the value of 5y, and ne g is the electron number density
at the jet nozzle. Lastly, foq(8p,n, (7)) is the equipartition factor, which depends on the model

flavor. The equipartition factor depends on the plasma-3 parameter, 3, = Ue o
the jet, n = ¢, and the average Lorentz factor, (). Here U, is the energy den51ty of the injected
leptons with number density ne, Up is the magnetic field energy density at the base of the jet,
and neo and np, o are respectively the initial lepton and proton number densities. Equation 25 can
be inverted to find the number density at the base of the jet.

The number density will change as the jet expands and accelerates beyond the nozzle. All flavors
assume that the particle number is conserved in the jet, so the number density along the jet can be

written as R <7(Z§g(zz)> (;("(;))2 7 (26)

where nep, o is the initial number density of either leptons or protons, 5(z) and y(z) are the jet
velocity and Lorentz factor along the z axis, and r(z) is the jet radius at a distance z.

10



In addition to the above assumptions, specific assumptions are made for each given jet flavor.
If the jet terminal Lorentz factor is small and the jet is mildly magnetically dominated (o¢ =~
a few, B, ~ 107! —1072), which is typical for XRBs, then the two model flavors, agnjet and bljet,
are fairly similar, and the choice of model flavor only has a minor impact on the parameters inferred
from modeling. Although it’s not that important which model flavor is chosen, I chose to use bljet
in the modeling, as that is the newest and most updated model flavor.

In the following, I go over the assumptions made for bljet. As already mentioned, bljet
assumes that the jet acceleration is powered by conversion of magnetic field energy into bulk ki-
netic energy, as predicted by ideal magneto-hydrodynamics (MHD) and global general relativistic

magneto-hydrodynamic (GRMHD) simulations (e. g. Komissarov et al. and Tchekhovskoy,
McKinney, and Narayan ). This acceleration is assumed to be parabolic, in agreement with
observations of several AGNs (Boccardi et al. and Mertens et al. ), where the particles

are accelerated up to a point v,c. which is reached at a distance zacc:

S1/2 _ 12
7(2) =70 + (Yace — 70)1/27(1]/2- (27)
Zacc <

The jet will expand adiabatically as it propagates, and so the jet opening angle and jet radius increase
with distance. The opening angle is inversely proportional to the Lorentz factor, as suggested
by various very long baseline interferometry (VLBI) observations of Fermi/LAT-detected blazars

(Pushkarev et al. , Jorstad et al. ), and the jet radius depends on this opening angle:
p
0(z) = —, 28
&) =05 (28)
r(z) =710+ (2 — 20) tan (0 (2)) (29)

where p is inferred from the same VLBI surveys, and is set as p = 0.15. The magnetic field strength
varies with distance as the jet accelerates and is found by imposing energy conservation and solving
the Bernoulli equation (Konigl ):

w(2)
where w(z) = Up(2) + Ue(2) + Pe(2) + U (2) + Py (2) is the enthalpy of the jet, and the code assumes

that the protons remain cold, therefore having a negligible pressure, and can thus be ignored. The
jet magnetization parameter is defined as the ratio of magnetic to particle enthalpy:

v(2)

= const., (30)

Up(2) + Py(2)

“”:%@+u@+g@’

(31)

which reduces to

_ 20U (2) _ B(z)?
T U@ + TU(2) a7 (ny(2) g + Tna(2) () mec?) (32)

if the lepton contribution to the energy budget is negligible. Here Uy, = %f is the magnetic field
energy density, U, = npfmpc2 is the energy density of the protons, assumed to be cold, and U, =
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ne{y)mec? is the energy density of the electrons. In this case, the Bernoulli equation, eq. 30,
evaluated at zp and zac. simplifies to
fYacc

oo = (1 + Uacc) -

-1, 33
Y0 ( )

where o, is the magnetization at z,... Given an initial magnetization og, the magnetization along

the jet can be written as
70
o(z) = ——=(1+o09) — 1. (34)
7(2)
Using the definition of the magnetization, 32, this equation can be inverted to find the corresponding
magnetic field,
1/2

B(z) = [47ra(z) (np(z)mp02 + F(’ye)ne(z)mecz)] / .
Beyond z,cc, the model assumes the standard Blandford and A. Konigl profile, with constant
Yace, constant Oace = p/Vace, @ magnetic profile consistent with a toroidal magnetic field, B(z) o 21
and continuous particle re-acceleration throughout the jet. The equipartition factor for this jet flavor
is

(35)

1
fea (o 01) = g + G (14 (36)
P
where the ratio of lepton to proton number density becomes
n = Ne,0 _ mp 5p00 . (37)
Tp,0 (v)me (1 4 BL)
p

3.3 BHJet parameters
3.3.1 Frozen parameters

BHJet takes in total 27 different parameters as input when generating the spectrum. However,
it is recommended that one freezes most of the parameters to an appropriate value before fitting
the data. This is done to prevent model degeneracies that could emerge from fitting too many
parameters at the same time. The frozen parameters used in this thesis and their values are given
in Table 1. In the following, I will go through why they were frozen and why they were set to that
particular value:

The black hole mass, inclination of the source, distance to the source, extension of the jet, and
radius of the outer disk were all frozen to values based on the suggested values in T. D. Russell,

Soria, Miller-Jones, et al. and table 4 in T. D. Russell, Soria, Motch, et al. . The redshift
parameter, z, is set to 0 for our purposes as MAXI J1836-194 is in our galaxy. The maximum
extension of the jet is suggested to be frozen to a high value in Lucchini, Ceccobello, et al. to

make the radio spectrum flat, and so was set to 109Rg. Ryt is recommended to be frozen and it
affects the spectrum negligibly anyway. It was set to its given value based on the tables in T. D.
Russell, Soria, Motch, et al.

foths fheat, f5, and fs. are phenomenological parameters affecting the particle distribution, and
are all recommended to be frozen. fun sets the fraction of non-thermal particles in the particle
distribution in the parts of the jet that include non-thermal particles, as described by equation 42.
Values typically range between 0.01 and 1, and the parameter is frozen to 0.1. This is consistent
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with the efficiency expected for magnetic reconnection and diffusive shock acceleration (Sironi and
Spitkovsky , Sironi and Spitkovsky , Sironi, Spitkovsky, and Arons ). At zgiss the
temperature can be increased by a factor fieat, with heating, e.g. due to shocks. This parameter
lets one indirectly set the minimum Lorentz factor by de-coupling the minimum Lorentz factor of
the non-thermal particle distribution from the temperature of the electrons. I opted to set this
parameter to unity for simplicity.

s determines the slope of the non-thermal tail of the Mixed distribution, as shown in eq. 3.
Prior attempts at fitting had s be left free, but due to some apparent degeneracies, as well as
slight discrepancies between the fits and prior modelings by Lucchini, T D Russell, et al. ,
this parameter was instead frozen to a value of 2.2. It was frozen to this value based on examples
inLucchini, Ceccobello, et al. and the values it had during prior fitting attempts where it was
left free. The freezing of this parameter and prior fittings with it set free is discussed in more detail
in section 5.2.2.

As already mentioned above, the particles in the jet will experience either adiabatic or radiative
cooling. f3 sets the value of the adiabatic cooling, as described by equation 5, where fz takes the
value of Bexp. The parameter thus sets the relative importance of the radiative versus adiabatic
cooling in the particle distribution given by equation 6, thus also setting the cooling break Lorentz
factor vp,0f the non-thermal distribution. Here, the parameter is set to 0.1, which sets the cooling
break Lorentz factor to a relatively low value (101_2).

fsc sets the maximum Lorentz factor for the non-thermal particles, either directly, i.e. fsc = Ymax
if fsc > 10, or indirectly if fs. < 0.1 (values for fs. between 0.1 and 10 are unphysical). In the latter
case, Ymax 1s found indirectly by balancing the cooling and acceleration timescales of the radiating
electrons. The acceleration timescale is defined as

4mec

- 3fsceB(2)’ (38)

tace ()

where B(z) is the strength of the magnetic field along the jet. The maximum Lorentz factor is then
found via

t;clc (Ymax) = t;dl (Ymax) + t;aé (Ymax) (39)

where the cooling timescales are defined by eqs. 5 and 4 through t,qrad = 0/0adrad- This balance
gives a maximum Lorentz factor of

Vmax,pl(z) (40)

o _37nec2ﬁeﬂC 1 _3me02/3eff 2 3fsc€B(Z)
B 80t Urad(2)r(2) 2 <4UtUrad(z)r(z)> 4‘7tUrad(z)'

Here, the parameter is set to 1076, giving a relatively low maximum Lorentz factor (% 103), as
XRBs generally don’t have large Lorentz factors (R. P. Fender, T. M. Belloni, and Gallo ). The
values for Yk and ymax are set low in order to suppress the contribution of non-thermal synchrotron
radiation to the soft X-ray emission, as there is currently no evidence of jet contribution in the X-rays
during outbursts.

The magnetic properties of the system are determined by the parameters 8, and 0acc. In bljet,
Bp is the electron to magnetic field energy density, and indirectly sets the lepton to proton number
density and is recommended by Lucchini, Ceccobello, et al. to always be frozen. o4 is the
leftover magnetization in the jet found at z,c., with the magnetization being defined as in eq. 32,
(Here, we can ignore the proton pressure, as the protons are assumed to be cold and contribute
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negligibly), and is recommended to be frozen to ~ 0.01 — 1. We assume a mildly magnetized jet,
similar to the example provided in Lucchini, Ceccobello, et al. , and so the values for 3, and
Oace are set to be similar to the values provided there.

bljet also has parameters for specific astrophysical scenarios, such as broad line regions (BLR),
which are set by the parameters compsw, comparl, compar2, and compar3. compsw adds either a
black body if set to 1, or the (BLR) and dust torus (DT) for an AGN if set to 2 (or adds nothing
if set to 0), while the corresponding parameters comparl, compar2, and compar3 set the attributes
of either the black-body or BLR and DT. compar! sets the temperature of the black-body/fraction
of disk-photons reprocessed in the BLR, compar2 sets the luminosity of the BB/fraction of disk
photons reprocessed in the Torus, and compars sets energy density of BB or is unused in the case
of the BLR/Torus. compsw was set to 0 for most dates, with the exception of the dates September
12 and September 17. These dates had a greater flux in the UV /optical/IR range, which required
the black-body to be added to give proper fits. compsw was thus set to 1. The addition of the
black-body is likely due to irradiation from the disk. It should be noted that compar! and compar2
were actually semi-free in the fitting. Originally the parameters were left free for the second and
third dates, but this resulted in some unphysical results for the second date. Instead, the parameters
were set free for September 17, and frozen to the same values when fitting for September 12.

velsw chooses which model flavor the program uses, using agnjet when set to 0 or 1, using either
the adiabatic (velsw=0) or quasi-isothermal (velsw=1) models. Setting velsw > 1 uses bljet, in
which case it will also set the value for yac.. Since the bljet flavor is used in this thesis, and a
mildly relativistic jet is assumed, this parameter was set to 3. I did not include modeling with
agnjet since the spectrum would deviate little, and although parameters might be different, we
are most interested in how they change over time, and they would likely have a similar evolution
regardless of the model flavor.

There is one last parameter called infosw, but it doesn’t affect the fitting, instead setting how
much information the program returns, with increasing values giving increasingly more information.
Setting it to 1 gives only the plots, while higher values will give particle distributions, and the values
of certain jet properties. It was set to 1 when fitting, but was set to 3 to give the number density
graphs and other jet properties.
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Parameter

Description

Mbh=8.0M,,
0 ="78°

dist = 8.0 kpc
z=0
Zmax = 10°R,
Racc = Zdiss
fnth =0.1
§=12.2

fheat =10
s =01

fsc = 1076
B, = 0.02
Oace = 0.1

Rou = 7- 10°R,

compsw = 1

comparl = 2.33 - 10K
compar2 = 3.81 - 10%erg s~
compar3 = 1.5 - 10 %erg cm™

1

3

Mass of the black hole
Inclination of the source
Distance to the source
Redshift parameter
Maximum extent of the jet
End of the acceleration region
Fraction of non-thermal particles in the jet
Slope of the non-thermal particle distribution
Phenomenological parameter imitating shock heating
Effective adiabatic cooling parameter
Sets maximum Lorentz factor of non-thermal particles
Lepton energy density to magnetic field density
Magnetization at zacc
Outer radius of the accretion disk
Switch adding either black-body or
Broad Line Region and dust torus
Temperature of BB/Fraction of photons processed by BLR
Luminosity of BB /Fraction of photons processed by Torus
Energy density of BB (unused for compsw=2)

Yace = 3 Lorentz factor at zacc

infosw=1 Parameter that sets how much information the code prints
Nj (Lgdq) Power of the jet

ro (Rg) Jet nozzle radius

Zdiss (Rg) Start of the dissipation region

T (keV) Temperature of leptons in the nozzle

Ipl Affects percentage of non-thermal particles

Lgisk (Lrdd)
Tin (Rg)

Table 1: The parameters of the jet, along with a description of what they are and what they affect

3.3.2 Free parameters

The remaining parameters were then the jet power, Nj; the jet nozzle radius, rg; the start of the
dissipation region in the jet, zgiss; the end of the jet acceleration region, z,c; the lepton temper-
ature in the jet nozzle, T; a phenomenological parameter affecting the particle distribution and
temperature after zgiss, fp1; the slope of the non-thermal tail in the particle distribution after zgigs,
s; the disk luminosity, Lgjsk; and the inner radius of the accretion disk, ry,. How these parameters

and lepton temperature in jet after zgiss
Luminosity of the disk
Inner radius of the accretion disk

affect the spectrum can be seen in figure 3
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Figure 3: How the different parameters affect the spectrum for a given date.
N is the power of the jet in Eddington units, and as the jet power is expected to change durin
J )
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outburst due to the suppression of the jet as the source transitions to the soft state, this is left free.
Fig. 3 shows that this parameter affects the entire spectrum, although less so around 10'7Hz, as
that section is dominated by radiation from the disk.

ro is the radius of the jet base. It also sets the height of the jet nozzle, as the nozzle is assumed to
be a cylinder with height zp and radius ro, and with an aspect ratio of h, = z9/r¢. h; is frozen to 2
by default, thus meaning ry also sets zg. This parameter mainly affects the non-thermal synchrotron
and IC radiation,

Zdiss 18 the start of an unspecified dissipation region in the jet, where non-thermal particles are
injected, due to e.g. shocks or turbulence/shear in the flow. From this point onwards the Mixed
particle distribution is used. zgiss sets the break frequency indirectly, and is inversely proportional
to it. This is due to the fact that an injection of non-thermal particles closer to the compact
object results in particles having higher momenta, as they haven’t lost as much of their energy
through radiative and adiabatic processes as whether they would have from an injection further
away. Thus, there will be more high-energy particles that emit synchrotron radiation in higher
frequencies, moving the non-thermal synchrotron radiation component to higher frequencies. The
reason the break frequency is also moved to higher frequencies is due to the higher optical thickness.
Since the optical thickness depends on the radius of the jet,

7(2) = n(2)r(z)oy, (41)

and the radius increases as the jet propagates (eq. 29), the optical thickness will be greater closer
to the jet nozzle. Since the point of non-thermal particle injection is now at a position in the
jet that has higher optical depth, photons that could previously escape the jet are now absorbed,
meaning photons of higher energy are now in the optically thick regime. This means that the jet
break frequency, the frequency where the spectrum switches from optically thick to optically thin
emission, is moved to a higher frequency. Fig. 3 shows how the break frequency moves as zqjss
changes. The break frequency for this source was observed to change during its 2011 outburst
(Koljonen et al. ), typical for XRBs undergoing outbursts. For this reason it should be obvious
that this parameter is left free. The inverse relation between zgijss and the break frequency can be
seen in fig. 3.

Zace 18, as previously explained, the point at which the particle acceleration ends. Lucchini,
Ceccobello, et al. explains that this parameter is typically set equal to z4iss when using bljet
to make the location of the non-thermal particle injection highly beamed (Lucchini, Ceccobello,
et al. ), and that is assumed here as well. Although strictly speaking not a free parameter, it
does change over time due to being tied to zgjss. It is therefore included in this section and fig. 3
shows how it affects the spectrum.

T, is the temperature of the electrons in the nozzle. Fig. 3 shows the areas most affected by
changing the temperature. These are the areas where the thermal synchrotron and IC contribute
most to the emission. The higher temperature giving greater emission is due to the synchrotron
and IC being dependent on the momentum of the electrons, so a higher temperature gives more
emission in these regions.

fp1 is a phenomenological parameter and reduces the percentage of non-thermal particles along
the jet after zy;ss, as described by the equation

10g10 (ZdiSS) ) fpl . (42)
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Increasing f,1 leads to a more inverted radio spectrum, as the radio emission is dominated by
non-thermal synchrotron radiation. Reducing the number of non-thermal particles along the jet
results in less emission in the lower frequencies, where most of the radiation come from lower-energy
particles further down the jet. This effect can be seen in figure 3. Although this helps matching an
arbitrarily inverted spectrum, it does deviate slightly from the assumption of an isothermal jet. The
parameter also affects the temperature of the jet in the dissipation region, described by a similar
formula,

o o fpl
T.(2) = Te (2diss) <W> ' .

It should be noted that if the jet is mildly relativistic, the inverted radio spectrum can be due to
the decrease of the particle density, while if the temperature of the electrons is high and the jet is
relativistic, it is mainly driven by the decrease of the electron temperature in the jet instead. As
the radio data of MAXI J1836—194 show the radio spectral slope changed over time, it was clear
that f,1 should be left free. Fig. 3 shows how the slope is affected.

Lastly there’s Lgjsk and 7, the two parameters affecting the accretion disk, where Lgig, is the
luminosity of the disk in Eddington units, and r;, is the inner radius of the disk. During outburst
the disk undergoes heating in the inner regions (Lasota ), leading to greater luminosity, as per
eq. 9. These parameters are thus set free. Fig. 3 shows how they affect the spectrum, mostly in the
higher frequencies. This is expected since the higher frequencies are dominated by radiation from
the disk and IC, and the latter acquires seed photons from the disk.

3.4 ISIS fitting

To implement model fitting, I used the Interactive Spectral Interpretation System (ISIS) (Houck
and Denicola ). BHJet includes a wrapper for importing the model into ISIS, making the fitting
a simple matter. For the fitting algorithm I opted for 1lmdif which finds the best fit by minimizing
the x? error using the Levenberg-Marquardt method (Lourakis ). ISIS was also used to probe
confidence intervals for the parameters. Starting values for the parameters were taken from the
XRB example given in Lucchini, Ceccobello, et al. or based on prior fitting attempts.
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4 Results

I gathered near-simultaneous multiwavelength data from six observing epochs from radio up to X-ray
wavelengths. In order to determine the jet properties throughout the outburst I fitted the datasets
with the semi-analytical jet model BHJet. In this section, I describe the results of the modeling and
the evolution of the parameters following a discussion of the corresponding jet properties. A light
curve of the outburst is included in fig. 4, taken from D. M. Russell, T. D. Russell, et al. 2013.
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Figure 4: Light curve of the 2011 outburst of MAXI J1836—194. Upper panel: Radio, IR, optical
and UV light curves of outburst. Middle panel: X-ray (RXTE) light curve. Lower panel: X-ray
color (two intensity ratios are given). The dashed lines represent the state transition dates
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Figure 5: The SEDs and the best-fit BHJet models for the six different observing epoch. The
thick line is the total emission, and the thinner lines are the different sources.
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The best-fit BHJet models for each of the six observing epochs are shown in figure 5. Enlarged
plots of the SED and models for each individual date are included in the appendix for easier reading.
In addition to showing the total model and the observed data, the graphs include various model
component contributions to the SED: the disk, inverse Comptonization, and synchrotron radiation.
The synchrotron radiation is further divided into two separate contributions: a component emitted
at the dissipation region where non-thermal particles are injected and a component emitted upstream
from the dissipation region where the thermal electrons are accelerated. The model residuals are
shown below each panel. The corresponding particle distributions along the jet for each epoch are
included in A.2, in figs. 13—18.

The free parameters of the BHJet models and their evolution, as well as the overall model quality
are shown in Table 2 for each epoch, and various other properties of the source are shown in Table
3 that are derived from the BHJet parameters.

03 Sep 2011 | 12 Sep 2011 | 17 Sep 2011 | 26 Sep 2011 | 12 Oct 2011 | 27 Oct 2011
Spectral state Hard HIMS HIMS HIMS Hard Hard
N;(1072Lgaq) | 3.33+0.1 3.0510:92 2.12+9-92 4.527031 5.7075-24 1.371008
ro(Ry) 3.6410:3% 13.73 + 1.0 9.63707 3.55T0 1% 2.62702 2.38709
Zaiss(Ry) 1437057107 | 8.2010-29 - 10° | 8.4519-15.105 | 6.537023-10° | 1.16%3%, - 10° | 5.467041 - 10°
T. 194.353 102.8713 122.3198 136.0733 94.5+0.3 223.4172,
fol 21.5%17 8.840.2 4.93702% 16.9152 19.7+94 8.1153
Laisk (1072 Lpaq) | 1.2570067 4.29+0.02 | 4.69+0.01 1.18 +0.01 0.36 1003 0.217007
rin(Ry) 16.5370e1 20.050-02 18.54709% 18.0115:% 24.872:4 43371554
x?/ d.o.f. 639.4/448 821.7/577 523.5/494 435.7/481 274.6/334 185.7/278
X2g 1.43 1.42 1.06 0.91 0.82 0.67

Table 2: The free BHJet parameters and their values for each of the observing epochs. Errors are in the range of £1 standard

deviations, or 68% confidence intervals

03 Sep 2011 | 12 Sep 2011 | 17 Sep 2011 | 26 Sep 2011 | 12 Oct 2011 | 27 Oct 2011
Spectral state Hard HIMS HIMS HIMS Hard Hard
Olthick 0.51 0.26 0.18 0.42 0.46 0.24
r 1.89 3.02 2.69 2.03 1.89 1.84
Yavg 1.71 1.33 1.41 1.46 1.30 1.85
T 0.40 0.125 0.12 0.65 1.26 0.23
logs, 10.52 11.52 11.32 11.91 12.71 13.61
Sup 66.7 81.1 63.2 107.6 121.4 23.0
kT gisk (ke V) 0.36 0.44 0.47 0.34 0.21 0.14

Table 3: Various derived properties of the jet and how they changed over the observing epochs.

The source was observed in the hard state at the beginning of the observing campaign, exhibiting
various properties typical for an X-ray binary in this stateThe jet break frequency was found to be
relatively low (Vb ~2- 1011Hz), and the radio spectrum was inverted (agpick ~ 0.7). The source
also presented a relatively cool accretion disk, with a moderate luminosity (N 14- 10*2LEdd).

On 2011 September 12, the outburst reached its peak and the X-ray spectrum started to soften.
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The source was observed in the HIMS from September 12 to 26 September. During the HIMS an
increase in the break frequency was seen, reaching a frequency of v, ~ 8 - 10'Hz that remained
stable. Also, the radio spectrum flattened (agpick ~ 0.2) until September 26 when it steepened to
thick ~ 0.49. The outburst exhibited a noticeable increase in the disk luminosity, ranging between
~14- 10_2LEdd to~4- 10_2LEdd~

However, the outburst did not reach a full soft state (i.e. it was a 'failed’ outburst) and started
its transition back to the hard state some time after September 26. Together with the hardening
X-ray spectrum the accretion disk luminosity decreased, and returned to the values it had at the
beginning of the spectral campaign around September 26, but continued to decrease further until it
was reduced by almost an order of magnitude with respect to the initial luminosity on September
03. Although changing little after the initial outburst, the break frequency underwent a significant
change during the spectral hardening, ultimately changing by more than two orders of magnitude
compared to the initial state of the source. Lastly, the radio spectrum flattened again on October
27, several days after having returned to the hard state.

4.1 BHJet parameter evolution over the outburst of MAXI J1836-194

Overall, the BHJet parameters evolved according to the expected behavior for an outburst. The
disk luminosity increased, the break frequency changed with the source hardness, and the jet was
quenched and reformed again during its transition back to the hard state. In this section I will go
over the evolving parameters that were found in the fitting process.

The jet power decreased during the HIMS, but started to increase again since the outburst didn’t
progress to the soft state and transitioned back to the hard state. The diminishing jet power is
likely due to the jet starting to quench during the transition. The jet is formed during the transition
from soft to hard state, and since the jet power increased during the transition back the increase
likely to do with the reformation of the jet. The jet power decreasing again in the final date is likely
due to the source fading back to quiescence.

ro showed a significant increase once the source had transitioned to the intermediate state, after
which it gradually decreased back to the initial value.

fp1 and zgiss control the slope of the radio spectrum and the jet break frequency respectively.
The radio slope was flat during the HIMS, before returning to an inverted slope during the transition
back. As the slope is set by fp1, which affects the reduction of non-thermal particles, this implies
that the reduction was much less significant during outburst, before returning to pre-HIMS levels
as the source returned to the hard state. The flattening of the slope in the final date suggests that
the cooling diminished, but this will be discussed further in section 5.2.1. The decrease of zg;ss after
September 17 corresponds to the increase of the break frequency. The decrease from September 03
to September 17, despite the source moving towards the soft state and the photon index increasing,
will be discussed further in section ?7?.

T, showed a decrease once in the HIMS, but gradually returned to a temperature close to what
it was at the beginning of the spectral campaign during its transition back to the hard state.

The evolution of Lgig and r;, shows how changes in the accretion disk drive the state changes.
Lgisk increases significantly at the beginning of the outburst when it is in the HIMS, but decreases
as the source transitions back to the hard state, reducing to a level below what was observed at the
start of the campaign. 7y, didn’t change much during outburst, but showed a noticeable increase in
the final date.
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Table 3 shows the evolution of jet properties inferred from the BHJet parameters, several of
which changing how one would expect for an outburst.

The photon index showed behavior similar to the modeling done in Koljonen et al. , showing
an increase in the HIMS, but returning to levels similar to those at the start of the campaign when
the outburst failed and the source subsequently returned to the hard state.

The jet nozzle opacity, 7, decreased before increasing again during the hard state transition, and
eventually decreased again in the final epoch. This property is set by eq. 41, so it is proportional to
the number density, and one can see how the initial number density changes by how this property
changes.

The other properties correspond more directly to the fitting parameters already discussed, where
Qthick 18 set by fol, v bY 2diss, Yavg DY Te, and ETgisk by Laisk-
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5 Discussion

In the above, I have described the modeling of six SEDs of the source MAXI J1836-194 during its
outburst in 2011 and shown how the various jet parameters have evolved over time. In the following
section I will discuss the evolution of the parameters in more detail, focusing on the variable jet
break frequency and how it’s connected to the other parameters.

5.1 Photon index-break frequency connection

Koljonen et al. have already reported on an anti-correlation between the position of the break
frequency and the value of the photon index in various X-ray binaries, with MAXI J1836-194 being
one of them. As shown above, a similar correlation has been replicated for this model, as after the
source was in the HIMS state and started to return to the hard state, the photon index decreased
and the jet break frequency increased. In the following, this correlation and potential causes for it
will be discussed in more detail.
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Figure 6: The parameters affecting the photon index, showing how it scales when the parameters
are changed. Fach panel shows how the photon index changes if all other parameters are kept
constant and the one labeled is changed. (Note that this figure is merely meant to illustrate that
the parameters affect the photon index and if they are directly or inversely correlated. It shouldn’t
be taken as a criteria for "how much" the photon index is affected by these parameters, as this can
vary depending on the date and other parameters.)

The photon index is related to the spectral index of the X-ray emission (related as I' =1 — «),
which in our model is dominated by inverse Comptonization close to the nozzle. The parameters
affecting the IC the most are Nj, 79, and T;,. Fig. 6 shows these parameters and how they affect
the photon index. The electron temperature having an inverse correlation with the photon index
is likely due to lower temperatures giving lower average momenta for the electrons that partake in
the IC process. Lower average momenta means less momentum is transferred in the IC process,
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meaning there is a reduction in the higher X-ray emission. In addition, the seed photons from the
synchrotron emission will have lower energies because of the lower momenta of the electrons, leading
to fewer higher-energy photons.

N; and rg are respectively anti-correlated and correlated with the photon index, and both of
these parameters are related to setting the number density in the jet nozzle. As IV; is correlated and
ro is anti-correlated with the number density, this means the number density is anti-correlated with
the photon index. This relation is likely due to a lower number density giving both fewer electrons
to transfer their momenta to photons, and fewer seed photons from the synchrotron emission.

The jet break frequency is anti-correlated with zgiss, and to better understand what sets the
location of zgjss, one needs to look at the theoretical basis for the injection of non-thermal particles.
Peter Polko, David L. Meier, and Sera Markoff , building on prior works by P. Polko, D. L.. Meier,
and S. Markoff , P. Polko, D. L. Meier, and S. Markoff , and Vlahakis and Arieh Konigl

, developed the theoretical explanation for the observed power-law distribution of particles.
They suggested that the non-thermal particles are injected at a shock in the jet. This shock emerges
because the jet starts to narrow and overcollimate at a certain point due to e.g. the pressure of
the surrounding medium or the magnetic tension of the field lines. This overcollimation leads to
shock formation, and the acceleration of particles into a power-law distribution. Since non-thermal
emission and the jet break frequency are always observed, this shock has to be a stable feature of
the jet. Therefore, the shock has to originate beyond the modified fast point (MFP) of the jet, as
the flow beyond this point is causally disconnected from the flow downstream, and cannot disrupt
the flow causing it. Combined with the fact that the flow can start to overcollimate around the
MFP, means that one can use the location of the MFP as a proxy for the location of the start of
the dissipation region. Therefore, I have assumed that the location of zgiss is correlated with the
location of the MFP. Peter Polko, David L. Meier, and Sera Markoff show how the location of
the MFP is (weakly) correlated with the Alfvén radius, which is the radius of the jet at the Alfvén
point, the point where the velocity of the jet equals the Alfvén velocity (a more detailed description
is given in the next paragraph). The MFP is also anti-correlated with the angle between the jet
axis and the Alfvén point, and the poloidal slope of the field line at the Alfvén point with respect
to the accretion disk. In other words, the MFP is closer to the jet nozzle if the Alfvén point lies
closer to it too and if the field lines are more cylindrical there.

Establishing the connection between the break frequency (or zgiss/MFP) and the photon index
involves seeing how the parameters affecting the latter can influence what sets zq;ss. The evolution
of the parameters after the source has reached the HIMS suggest a trend of decreasing photon index,
as shown in Table 3. One can thus establish a connection by showing that the parameters evolving
in the way they do leads to a lower MFP. In the above, I explained how zgis is set by the MFP
and in the following I will discuss how the BHJet parameters that most affect the photon index also
affect the location of the MFP.

The electron temperature can affect the location of the MFP as it’s correlated with the Alfvén
point. The Alfvén point is the point where the poloidal velocity, Vy equals the Alfvén velocity, and
it is given by , ( 2)

s Bj(l—=
(oW = = (44
where pg is the baryon rest mass, £ is the relativistic enthalpy, and z is the cylindrical radius in
units of the light cylinder radius. The equation taken from eq. 1 from P. Polko, D. L. Meier, and
S. Markoff . The temperature sets the average momenta of the particles, and so is directly
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correlated with the bulk velocity of the flow. If the flow has a higher bulk velocity, then as the flow
is accelerated it will reach the Alfvén velocity sooner, setting the Alfvén point and thus the MFP
closer to the jet nozzle. This manifests then as a higher frequency for the jet break, since zgiss will
also be moved closer. In addition, the Alfvén velocity is inversely related to the enthalpy, which is
also related to the temperature. A higher temperature will thus also increase the enthalpy, which
lowers the Alfvén velocity, setting the break frequency higher, as already explained.

N; and ro both affect the particle density, as shown by inverting eq. 25:

o 27['7‘%,8()’)’00feq (Bpa m, <’7>) '

The transition back to the hard state comes with a reformation of the compact jet and an increase
in the jet power. The jet nozzle radius also reduces during these dates. These changes contribute
to give a higher particle density during these dates. The Alfvén velocity is inversely proportional
to the relativistic enthalpy, which is itself proportional the number density. N; and rg therefore
contribute in setting a lower Alfvén velocity, which can indirectly set a higher jet break frequency, as
already discussed in the previous paragraph. Although only weakly correlated with the MFP /break
frequency, rg also contributes to setting the Alfvén radius, as rg affects what the radius of the jet is
at a certain point. A lower Alfvén radius leads to a lower MFP, so if the jet gets narrower over time,
the Alfvén radius should also reduce, setting a lower MFP. This is another way the break frequency
can be indirectly affected by the changing parameters.

The BHJet model does not take the shape of the magnetic field into account in the modeling,
instead simply assuming that it takes the shape of a toroidal field. The fact that the MFP gets
closer if the magnetic field lines get more cylindrical is certainly possible, but is not relevant in this
case, as our model does not take this into account.

(45)

Te,0

5.2 Other parameters that don’t affect the jet break frequency

5.2.1 Evolution of f;

The use of fy1 in BHJet to lower the percentage of non-thermal particles/the temperature along the
flow after zqiss is entirely phenomenological and does not specify any mechanism that is behind the
decrease. Essentially, it mimics the effect of additional adiabatic cooling and/or reduced particle
acceleration after zgiss. This parameter decreased during the HIMS, but increased again as it
transitioned back to the hard state, suggesting that the cooling/particle reduction was less efficient
during the HIMS. It is also of interest that fj,; decreased on October 27, contrary to its increasing
trend.

The jet power appears to increase/decrease on the same dates as fp1. The jet power sets the
number density, so if these parameters are connected, one possible interpretation would be to say
that the cooling/reduction of the non-thermal particles is connected with the jet power, with a
higher jet power giving a greater cooling/reduction.

It should be noted that the interpretation of f},) is somewhat limited due to the parameter being
phenomenological, thus making it a bit difficult to interpret it physically. Future models that are
able to give a more physical description of the reduced non-thermal particles/temperature would
help with this.
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5.2.2 Setting s frozen

In modeling the SEDs, the parameter s was initially set free, similar to (Lucchini, T D Russell,
et al. ). Although this leads to better fits for certain dates, it also leads to some apparent
degeneracies between certain parameters. This effectively means that several different parameter
combinations give a similar fit quality. There was also the fact that the evolution of the parameters
seemed to deviate slightly compared to earlier fitting attempts (Lucchini, T D Russell, et al. ).
For this reason s was frozen to s = 2.2, but I felt it necessary to discuss the earlier fitting where it
was set free and discuss its evolution and how the other parameters evolved.

The original parameters where s is kept free are included in section B, Table 4. The jet properties
are included in the same section in Table 5 as well. There is a similarity in the evolution of
the parameters, although how some of the parameters change is either much more or much less
significant. For instance, rg shows a much greater increase when transitioning to the HIMS and
reaches a lower value in the first epoch, while T, showed less significant change.

The evolution of s showed an initial increase in the HIMS, but decreased again during its
transition back, showing a final increase in the final observing epoch. s sets the slope of the non-
thermal particle tail, so the increase of this parameter corresponds to a steeper tail, meaning fewer
non-thermal particles in the higher energies. The changing s could correspond to a change in the
shock that injects the non-thermal particles, where the dates where s is higher have weaker shocks.
Seeing that this parameter changes similar to both N; and f, it is possible that these parameters
can be connected. N; could affect f, as already discussed, while the lower N; could be connected
with what sets the strength of the shocks.

Similar to fp1, this parameter is more difficult to interpret physically compared to some of the
other parameters, so interpretation is again unfortunately more limited.
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6 Conclusion and further work

I have modeled six multiwavelength SEDs of the X-ray binary MAXI J1836-194 during its 2011
outburst using a state-of-the-art semi-analytical multi-zone jet model BHJet with the bljet flavor.
The goal of this work was to give us insight into the correlation between the evolution of the jet
parameters and how they link to the accretion state of the source during outbursts. The results
gave an evolving set of parameters that gave information on how the jet changed over time. Using
these parameters, I theorized how the parameters that affected the photon index, mainly N;, 7o,
and T, could also affect the jet break frequency. I further discussed possible interpretations of the
other parameters and potential reasons for why the evolution of the parameters from September 03
to September 12 differed from the given interpretation.

Further work on this topic would involve using the model on other sources and see if their
parameters had similar correlations and/or evolved in a similar way. Of particular interest would
be to apply the model to the sources that were studied in Koljonen et al. and claimed to
hold a connection between the break frequency and photon index, and thus see if their parameters
follow a similar evolution and/or correlation. Of particular interest would be the sources MAXI
J1535-571 (T. D. Russell, M. Lucchini, et al. ) and MAXT J1820+070 (Rodi et al. ). Lastly,
since various phenomenological parameters were used in the model, there was some difficulty giving
physical interpretations for what these parameters described. Modeling the source again with future
models that are able to give a more physical description of these jet properties could thus give a
better, more physical understanding of the observed phenomena.
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A Other Graphs

A.1 Individual SED fits
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A.2 Number density

Additional plots depicting the number density of the jet for each observing epoch. The left panel is
plotted as a function of the dimensionless momentum p, and the right panel is plotted as a function
of the electron Lorentz factor. Each line shows the number density of a given zone along the jet,
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Figure 12: SED fit for October 27

with the lighter hues being the zones further away from the nozzle.
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B Evolution of parameters with s free

03 Sep 2011 | 12 Sep 2011 | 17 Sep 2011 | 26 Sep 2011 | 12 Oct 2011 | 27 Oct 2011
Spectral state Hard HIMS HIMS HIMS Hard Hard
N;(1072Lgqgq) 3171000 4.40+0.1 2.147008 5151007 5.9910-50 3.10102°
ro(Ry) 2.01%01 ¢ 27.37 2T 10.0557% 5.667557 2.557051 2.217047
Zaiss(Ry) 1047088107 | 1.067953 - 108 | 1.117032 - 106 | 2.9410:22 . 10° | 1.3775:29 . 10° | 2.287088 . 10°
T. 140.275%8 112.8753 125.6707 104.677 88.675:2 121.9793
fol 41,5479 5440.1 3.719° 15.8709! 21.1102 8.5105
s 1.75 £ 0.01 2.601 003 2.2070-03 2.1970-03 2.191002 2.451003
Laisk(1072Lgaq) | 1.2775:92 4.16 + 0.01 4.697005 1.29 4 0.02 0.3570:05 0.2475-02
rin(Ry) 16.9310-25 21.197052 18.5970:31 18.7107 22.6191 43.97125%
x?/ d.o.f. 456.5/447 764.1/576 523.5/494 429.2/480 274.7/333 202.4/277
i 1.02 1.33 1.06 0.89 0.83 0.73
Table 4: The free parameters and their values for each of the dates for s being set free.
03 Sep 2011 | 12 Sep 2011 | 17 Sep 2011 | 26 Sep 2011 | 12 Oct 2011 | 27 Oct 2011
Spectral state Hard HIMS HIMS HIMS Hard Hard
Othick 0.48 0.19 0.15 0.39 0.47 0.25
r 1.82 2.76 2.59 2.49 1.89 1.93
Vave 1.48 1.38 1.16 1.34 1.30 1.40
T 0.80100 0.13 1.08 0.5140.04 | 1.237922 0.62
loguy, 10.82 11.81 11.71 12.21 12.71 13.80
Sub 127.9 73.18 66.51 121.3 121.4 25.6
kT ik (ke V) 0.35 0.42 0.47 0.34 0.21 0.14

Table 5: Various properties of the jet and how they changed over time when s is set free
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Nomenclature

Mbh

To
Zdiss
Zacc

Zmax
Te
Jfath
Jol

S

Jheat
fs
fse
Bp
Oacc
Laisk
Tin
Yace
Ybrk
Qlthick

r

Yavg

Uy
S v,b
kT gisx

Black hole mass

Inclination of the source

Power of the jet

Jet nozzle radius

Start of dissipation region

End of acceleration region

Maximum length of jet region

Lepton temperature in the jet base

Fraction of thermal particles accelerated into non-thermal tail
Parameter affecting the particle distribution and temperature after zgjss
Slope of non-thermal tail

Shock heating parameter, increases T, by a factor of freat at 2zgiss
Sets the break Lorentz factor in the non-thermal tail

Sets Ymax in non-thermal tail if fg. < 1

Ratio of lepton energy density to magnetic field density
Leftover magnetization at zaec

Luminosity of the disk

Inner radius of the accretion disk

Terminal Lorentz factor reached at zq..

The break Lorentz factor

Optically thick spectral index

Photon index

Average Lorentz factor in the jet

Optical thickness of the jet nozzle

Break frequency

Spectral flux at break frequency

Temperature of the inner disk

Relativistic enthalpy
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