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ABSTRACT

Context. The wind-wind collision in a massive star binary system $etmthe generation of high temperature shocks that emit at
X-ray wavelengths and, if particle acceleration feetive, may exhibit non-thermal radio emission. Cyg OB2#®esents one of a
small number of massive star binary systems in this class.

Aims. X-ray and radio data recently acquired as part of a projestudy Cyg OB2#9 are used to constrain physical models of the
binary system, providing in-depth knowledge about the winidd collision and the thermal, and non-thermal, emissinsing from

the shocks.

Methods. We use a three-dimensional, adaptive mesh refinement dionul@ncluding wind acceleration, radiative cooling, ahé
orbital motion of the stars) to model the gas dynamics of tidwind collision. The simulation output is used as theibésr
radiative transfer calculations considering the thermahj)Xemission and the thermiabn-thermal radio emission.

Results. The flow dynamics in the simulation show that wind accelerafbetween the stars) is inhibited at all orbital phases by
the opposing star’s radiation field, reducing pre-shockgities below terminal velocities. To obtain good agreetméth the X-ray
observations, our initial mass-loss rate estimates reguitown-shift by a factor of 7.7 to 65x 107 Mg yr* and 75x107" Mg yr?

for the primary and secondary star, respectively. Furtibegmthe low gas densities and high shock velocities in Cy@ @8 are
suggestive of unequal electron and ion temperatures, @&-tlay analysis indicates that an (immediately post-she@ctron-ion
temperature ratio cf 0.1 is also required. The radio emission is dominated by (henrbal) synchrotron emission. A parameter space
exploration provides evidence against models assuminipa&dition between magnetic and relativistic energy déesi However,

fits of comparable quality can be attained with models hasbagk contrasts in the ratio of magnetic-to-relativistiergy densities.
Both X-ray and radio lightcurves are largely insensitiveviewing angle. The variations in X-ray emission with orbjpase can

be traced back to an inverse relation with binary separatiwh pre-shock velocity. The radio emission also scales prithshock
velocity and binary separation, but to positive powers (ic inversely). The radio models also reveal a sulfflecewhereby inverse
Compton cooling leads to an increase in emissivity as atrebtiie synchrotron characteristic frequency being sigaiftly reduced.
Finally, using the results of the radio analysis, we estintla¢ surface magnetic field strengths tosb@3 — 52 G.

Key words. Stars: winds, outflows — Stars: early-type — Stars: indi@idCyg OB2 #9) — Stars: binaries close — X-rays: binaries —
Radio continuum: stars — Radiation mechanisms: non-tHerma

1. Introduction the wind-wind collision shocks (e.g. Dougherty et al. 200%)e

) ) _ ) implication of this latter finding is that particles are bgiccel-
Hot, luminous, massive stars drive powerful stellar winbise erated to relativistic energies at the wind-wind collis&iocks
wind-wind collision arising in a binary system leads to te®g y some mechanism, for exampleffdsive shock acceleration.
eration of high temperature shocks as the wind kinetic gnisrg Reassuringly, theoretical models of non-thermal emisgiom
thermalized (Stevens et al. 1992; Pittard 2009). Such shexk the wind-wind collision region in massive binary star sysse
hibit a number of characteristic signatures. Firstly, taeypro- are able to reproduce the observed radio flux (Eichler & Usov
lific emitters at X-ray wavelengths (e.g. Pittard & ParkiflB).  1993; Benaglia & Romero 2003; Dougherty et al. 2003; Pittard
Second, in a number_o]c cases non-thermal emission is oltberye 51, 2006: Reimer et al. 2006: Pittard & Dougherty 2006;
(e.g. Dougherty & Williams 2000; Van Loo 2005; De BeckeReimer & Reimer 2009; Farnier et al. 2011; Falceta-Gorezslv
etal. 2006,, van Loo et al. 2006, De Becker 2007, van Loo et a Abraham 2012) |ndeed' the advantage of (a'most) orbital-
Volpi et al. 2011; Reitberger et al. 2012; De Becker & Raucg the more typically studied example of supernovae rensant
2013; Blomme & Volpi 2014), with high spatial resolution frad (see, for example, the reviews by Malkov & O’C Drury 2001
observations placing the source of the emission coinciéht anq Blasi 2013) make massive star binaries an excellentdabo
tory for studying wind acceleration, interacting radiatitelds,
X-ray emission, and non-thermal radio emission.

* Research associate FNRS


http://arxiv.org/abs/1406.5692v1

E. R. Parkin, J. M. Pittard, Y. Nazé, and R. Blomme: The 2.8&nyitch of Cygnus OB2 #9. III.

Table 1. Adopted system parameters for Cyg OB2#9. References areTable 2. Adopted stellgwind parametersk anda are the Castor et al.

follows: 1= Blomme et al. (2013), 2 Nazé et al. (2012b), 3vanLoo (1975) line driving parameters. References are as folldws:Nazé

et al. (2008). et al. (2012b), 2= Blomme et al. (2013). (Note that we have taken the
median value from the ranges noted by Blomme et al. (2013).)

Parameter Value Reference
Orbital period,Pqr, (d) 860 1 Primary star Secondary star
a(Ry) 1733 - Parameter Value Reference Value Reference
Eccentricity €) 0.71 1 Spectral Type 0O5-0O5.51 1 03-041Il 1
Distance (kpc) 1.45 2 M (M) 50 1 44 1
ISM column (1G°cm™) 1.15 2 R, (Ro) 20 2 16 2
Inclination,i 60 3 Terr (K) 37800 2 42200 2
Line-of-sight, 280 2 log(L./Lo) 5.85 2 5.87 2
k 0.24 - 0.21 -
@ 0.56 - 0.60 -
MM,yrl) 5x10°% 2 58x10° 2
A prime example that fits into this class of X-ray and non-v,, (kms?) 2060 2 2400 2

thermal radio emitting massive binary is the-O-star system
Cyg OB2#9 (van Loo et al. 2008; Nazé et al. 2008, 2010; Volpi
et al. 2011). Our recent campaign to study this object has ?_E )
far consisted of an analysis of optical and X-ray data byeNaZPtE ) _ [P )
et al. (2012b), and radio observations by Blomme et al. (20134t +V-[E+ PN = (mH) AT +pt-v. &)
which have refined the orbital solution and provided inigisti- ) ) )
mates for the stellar parameters - see Tables 1 and 2. The varereE = Um/p+ 3IV[%, is the total gas energy, is the internal
tion of the X-ray flux with orbital phase correlates with tme i energy density is the gas velocity, is the mass densitf,is the
verse of binary separation (i.e/dsep, consistent with an adia- PressureT is the temperature, ant, is the mass of hydrogen.
batic wind-wind collision. The slope of the radio spectrue: b We use the ideal gas equation of stétes (I' - 1)Uy, where the
tween 1.6 and 5 GHz indicates non-thermal emission which cagiabatic index™ = 5/3. .
be accounted for reasonably well by a simple wind-wind col- The radiative cooling termA(T), is calculated from the
lision model. The result of the observationdlicet is a multi- APEC thermal plasma code (Smith et al. 2001) distributed in
epoch, multi-wavelength dataset that can be used to plane fikSPEC (v12.5.1). Solar abundances are assumed for the stel-
constraints on physical models of the wind-wind collisiop d lar winds (Anders & Grevesse 1989). The temperature of the
namics, and X-ray and radio emission arising from Cyg OB2#9n-shocked winds is assumed to be maintained 40" K via

In this paper we model the wind-wind collision dynamic#®hotoionization heating by the stars.
of Cyg OB2#9 using a three dimensional adaptive-mesh refine- The body force per unit madsacting on each hydrody-
ment (AMR) simulation (including wind acceleration, raiia namic cell is the vector summation of gravitational forcesf
cooling, and orbital motion), which then acts as the inputo €ach star, and continuum and line driving forces from thiteste
diative transfer calculations for the emergent X-ray andiaa radiation fields. The calculation of the line force has been d
emission. The X-ray emission analysis presents strongavil Scribed by Pittard (2009) and Parkin et al. (2011), and werref
for a low ratio of electron-to-ion temperatures in the iminedthe reader to these works for further details (see also - r@ean
ately post-shock gas, and a substantial lowering of mass-l& Owocki 1995; Gayley et al. 1997). In brief, the numerical
rates compared to previous estimates. Moreover, to reped§cheme incorporates the Castor, Abbott, & Klein (1975) falrm
the observed radio lightcurves requires a higicency of par- ism for line driving by evaluating the local Sobolev optidabth
ticle acceleration, with some indication of a shallowempsido t = oelino[fi-V(f - v)] ™ (Sobolev 1960) and then calculating the
the relativistic electron distribution than the “standardse (i.e. vector radiative force per unit mass
p < 2). The remainder of this paper is structured as follows: the

l-a A A @ l-a
hydrodynamical and radiative transfer calculations asedieed Orad = o 'K 95 1(A) (n v V)) (1 + Tma) ] AdQ, (4)
in § 2. A brief overview of the Cyg OB2#9 binary system is given c PVih Tinex

in § 3. The simulation dynamics are examinedid, followed
by an analysis of the X-ray emission§rb and radio emission in
§ 6. A discussion of our results, an estimation of stellarauef
magnetic field strengths, and possible future directioagamen
in § 7, after which we close with conclusions§r8.

wherea andk are the standard Castor et al. (1975) parameters,
o Is the specific electron opacity due to Thomson scattering,
and vy, is a fiducial thermal velocity calculated for hydrogen.
The terms in square brackets in Eq (4) are included to capture
the flattening of the line force for smal(Owocki et al. 1988),
wherermax = thmax and we evaluatgmax from the 1D code used

2. The model to compute the initial wind profiles. A gaussian integratisn
. ) performed to correct the line force for the finite size of ttedlar
2.1. Hydrodynamic modelling disk (Castor 1974; Pauldrach et al. 1986). The line drivinsgit

The wind-wind collision is modelled by numerically solvitie to zero in cells with temperatures abové 1 since this plasma

time-dependent equations of Eulerian hydrodynamics in a 3pmostly ionised.

Cartesian coordinate system. The relevant equations fesma__1he influence of X-ray ionisation on the line force parame-
momentum, and energy conservation are: ters is notincluded in the simulation (i.e. “self regulasddcks

- Parkin & Sim 2013). We estimate the maximum reduction in

op pre-shock wind speeds due to the feedback from post-shock X-

ot +V-(ov) =0, 1) rays ionising the wind acceleration region (using the madel
dpv Parkin & Sim 2013) to be a relatively minor alteration, on the
——+ V- (pw) + VP = pf, (2)  order of 3%.

ot
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2.2. The hydrodynamic code 2.3.2. Streamline integration

The hydrodynamic equations are solved using v3.1.1 of @ account for non-equilibrium electron and ion tempergur
FLASH code (Fryxell et al. 2000; Dubey et al. 2009). The cod8 the X-ray emission calculations, and inverse Compton and
uses the piecewise-parabolic method of Colella & WoodwakgPulomb cooling of relativistic electrons in the non-thatma-
(1984) to solve the hydrodynamic equations and operatés witl© calculations, we require knowledge of the evolution ef-c

a block-structured AMR grid (e.g. Berger & Oliger 1989) ust@in quantities. This information can be retrieved by intéigg

ing the PARAMESH package (MacNeice et al. 2000) und&long flow streamlines using the simulation data. The fiesi 5t
the message-passing interface (MPI) architecture. A fuasls (S process is to locate the shocks, which we begin by logati
Riemann solver is used to compute the inter-cell fluxes (@oleth® shocked gas in the wind-wind collision region. Namélgse

& Woodward 1984; Fryxell et al. 2000). The simulation domaife!lS highlighted as over-dense (i.e. post shock-jump ggs
extends fromx = y = z = +2.06 x 10 cm with outflow Comparison of their density to that computed from a wind fol-

boundary conditions used on all boundaries. The sidedeaft 10Wing as-velocity law withs = 0.8. Itis then straightforward
the simulation domain equates to 2 (6) binary separatiorewH© locate the shocks that align the shocked gas region(splLo
the stars reside at apastron (periastron). The grid isalisiéd \{alues of veIo_cmes are then used to determine the flow_dlrec
with x x y x z = 16 x 16 x 16 cubic blocks each containing 8 tion and take incremental steps along the §treamllne. Qrise t
cells. We allow for 6 nested levels of refinement, which ressulProcess has been completed for all cells aligning the shoaks
in an dfective resolution on the finest grid level of 8Gagells. recursively difuse the scala(s until all cells containing shocked
The refinement of the grid depends on a second-derivative efd@S have been populated with a value for the respectiverscala
check (Fryxell et al. 2000) op and the requirement of an ef- _NOte that our approach of integrating along flow trajectorie
fective number of cells between the stazs 100 in this case) N individual time snapshots from the simulations is angnée

to accurately describe the WCR dynamics (Parkin et al. 2015;2)” along streamlines and not along path lines, i.e. we bse t
Refinement and de-refinement are performed on primitive vaffiStantaneous velocity field rather than the flow historysEp-
abled - we have found this to reduce spurious pressure fluctgtoximation is justified by the fact that the wind velocities
ations at coarse-fine mesh boundaries which arise in the hgipSiderably larger than the orbital velocity of the staesce
Mach number winds. Customised units have been implemenfénges to the shape of the wind-wind collision region happe
into the FLASH code for radiative driving, gravity, orbitalo- Much faster than changes in the position of the stars. Wetinatte
tion, and radiative cooling for optically-thin plasma (ugithe Performing streamline integration using an instantaneelrc-
method described in Strickland & Blondin 1995). An advecte® field will encounter dificulties in un-steady, disconnected re-
scalar is included to allow the stellar winds to béefientiated. 9i0ns of post-shock gas. Fortunately, in the present sthty t
The stellar winds are reinitialised within a radius-ofl.15 R.  ©nly becomes an issue for gas far downstream from the apex of
around the stars after every time step. The orbital moticthef the wind-wind collision at phases close to periastron, fbiok
stars is calculated in the centre of mass frame. When the sthie contribution to both X-ray and radio emission is negligi

are at apastron the primary and secondary stars are sitoated

the positive and negative-axis, respectively. The motion of thes 3 3. X-ray emission

stars proceeds in an anti-clockwise direction. o ) )
To calculate the X-ray emission from the simulation we use

emissivities for optically thin gas in collisional ionigan

2.3. Radiative transfer calculations equilibrium obtained from look-up tables calculated frone t
MEKAL plasma code (Mewe et al. 1995; Kaastra 1992) con-
2.3.1. Adaptive image ray-tracing taining 200 logarithmically spaced energy bins in the rabide

. ) ) 10 keV, and 101 logarithmically spaced temperature binkén t
Synthetic X-rayradio spectra and lightcurves are produced pange 16 — 10° K. When calculating the emergent flux we use
solving the equation of radiative transfer through the $aton  energy dependent opacities calculated with versi@®00 of
domain using adaptive image ray-tracing (AIR). For detefls Cloudy (Ferland 2000, see also Ferland et al. 1998). The ad-
the AIR code the reader is referred to Parkin (2011). In baef vected scalar is used to separate the X-ray emission cationis
initially low resolution image equivalent to that of the bdsy- from each wind.
drodynamic grid (i.e. 128128 pixels) is constructed. Theimage  Non-equilibrium electron and ion temperatures are exjecte
is then scanned using a second-derivate truncation eremkchfor Cyg OB2#9 due to the low density and slow rate of elec-
on the intrinsic flux to identify sfliciently prominent pixels for tron heating via Coulomb collisions in the post-shock gaese
refinement. In the present work we usg = 0.6, whereéerit i points are discussed further§r8. We do not, however, include
the critical truncation error above which pixels are marked non-equilibrium electron and ion temperatures, or iofiseef-
refinement - see Parkin (2011). The process of ray-tracidg &facts, in the hydrodynamic simulation as it would place trgé
refining pixels is repeated unt_il features .Of intergst inithage g computational strain on performing a comprehensive param
have been captured to affective resolution equivalent to thatter space study. Instead, we use the hydrodynamic simalatio
of the shocked gas in the simulation. ( Note that this is a-sepg a representative realisation of the gas dynamics, and non
rate post-simulation step, thus the radiative transfendations equilibrium electron and ion temperatures are accountedifc
do not influence the simulation dynamics.) ing the post-processing radiative transfer calculatidime ap-
proach we use follows Borkowski et al. (1994) and Zhekov &
Skinner (2000), whereby for a specific X-ray calculation e d

1 Supplementary tests were performed to examine the influehce.
refinement on primitive or conserved variables on the coasien of 2 The post-shock gas temperatures and densities of the prinaad
mass, momentum and energy, as well as on the wind-windicolldy- secondary’s wind do not fier considerably for the wind-wind colli-
namics and resulting X-ray emission. A negligibléfeience was ob- sion of Cyg OB2#9. As such, filusive numerical heating will have a
served. negligible dfect on results (Parkin & Pittard 2010).
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fine a value for the immediately post shock ratio of the etectr multiplying the emission per electron by the number dengity

to-ion temperature, relativistic electrons. Note that the power per electropedels

T on the magnetic field strength and on the Lorentz factor tjinou
Tei= | . (5) FOrve).

Tlo The basic procedure is to use the hydrodynamic simulation

whereT, is the electron temperature. As the gas flows throu#ﬁjghetaesrrg'gre]sﬁpptrgr?]”aet;t\l’fr‘:aue:ngor Eggéwr%dy{ﬁ?'crgmr E’lglt
the shocks the electrons will be heated due to Coulomb colfi= Y, P ’ P ) P

sions. To account for this we integrate the following ecurati gﬁ)cee;sigg’o"ig%rggr'e&snzgﬁogpgt;?gcgh detﬁvsamﬁiégi?gjﬂ?énon
along streamlines in the post shock gas, P gray 9

domain. To compute the non-thermal radio emis&beorption

drei 1-7e 6 e require three parameters to be defined. The first is therpowe
gt 1+ Xe)t (T)TS/-Z’ 6) law slope of the relativistic electron distributiom,In our model
eq\! )Tg | we suppose that the relativistic electron distributiosesifrom

wherex is the relative electron fraction with respect to the nifirst-order Fermi acceleration at the wind-wind collisidrosks.
cleons, and the timescale for temperature equilibratidwden Test particle theory (Axford et al. 1977; Bell 1978; Blandf&
electrons and ions is taken to be (Spitzer 1962), Ostriker 1978) tells us that electrons accelerated atgtshocks
g T2 (i._e._ a_compressio_n re_ltio _of 4) by this process will resub irel-
teq = 252/‘_'2 _ (7) ativistic electron distribution withp = 2. The integrated number
Z%In Acou M density of relativistic electrons is thefj: “n(y)dy = CyPdy,
whereAcou is the Coulomb logarithm anal is the ion number wherey is the Lorentz factor, an@ sets the normalisation of
density. Once values @t._; are known throughout the post shockhe distribution. For the intrinsic (i.e. un-cooled) rélatic elec-
winds the ray-tracing calculations can be performed Withsed tron distribution we take; = 1 andy, = 10 (consistent with
when computing the X-ray emission. the maximum Lorentz factor attained from the competition be
tween acceleration by fiusive shock acceleration and inverse
Compton cooling). In reality, the maximum Lorentz factotlwi
vary along the shocks. However, for the cooled electrorridist
The radio emission calculations closely follow the methoats  bution, most emission comes from electrons with lower-than
lined by Dougherty et al. (2003), Pittard et al. (2006), aitthRI maximum Lorentz factors, therefore we may reasonably aaopt
& Dougherty (2006). This model includes thermal and norsingle representative value in the calculations.
thermal emission and absorption processes (free-freeyand s The second parameter which we must define is the ratio
chrotron emissiofabsorption and the RazinfTect). The syn- of the relativistic-to-thermal particle energy densitigs; =
chrotron emission and absorption is taken to be isotrogiichv  U,e /U, WhereU,e = fn(y)ymczdy, n(y) is the number den-
follows from the assumption that the magnetic field is tadglesity of relativistic electrons with Lorentz factor, and m is
in the post-shock gas. Thé&ects on the relativistic electron dis-the particle mass. The value ¢k, sets the normalisation of
tribution from inverse Compton and Coulomb cooling, and thtae synchrotron emission and absorption (see equations 6, 8
subsequent influence on the emissivity, are also includete N9 and 11 in Dougherty et al. 2003). For example, for a rel-
that we assume that the winds are smooth, i.e., not clumpy ativistic electron distribution witho = 2, the normalisation
discussion of the implications of clumpy winds for the madelis C = Uye/MeC? IN ymax, Whereymay is the maximum attain-
results is given ir§ 7.3. The main development in the preserdble Lorentz factor (which is set by acceleration and caplin
work has been modifying the radio calculations to deal wit t processes, e.g. inverse Compton, see - Dougherty et al,; 2003
three-dimensional adaptive-meshes used in the hydrodgnamittard et al. 2006, for further discussion). The third paeter
simulation. In essence, this involved taking the pre-exisAIR  required in the radio calculations is the ratio of the maignet
code that was originally written for X-ray emission caldidas to-thermal energy densityg = (B?/87)/Uy. This parameter is
(Parkin 2011) and incorporating the radio emission cattmia necessary as the hydrodynamic simulation of Cyg OB2#9 does
developed by Pittard et al. (2006) - see also Dougherty et abt explicitly provide magnetic field information. The pare-
(2003). ter Zg directly influences the normalisation of the radio spectrum
In the tangled magnetic field limit the synchrotron powePs,, « B), the characteristic turn-over frequency of the spec-
at frequencyy for a single relativistic electron, is (Rybicki & trum (. « B), and the cut-fi frequency caused by the Razin

2.3.4. Radio emission

Lightman 1979; Pittard et al. 2006), effect (/g o« B™Y).
VA Our model calculations also account for the alteration o in
Peyn(v) = 39 BV,:(V/VC), (8) trinsic radio emission from inverse Compton cooling, Conito
Mmec3 cooling, and the Razinfiect. Due to the relatively close prox-

whereq is the electron charge is the speed of lightB is  IMity of the shocks to the intense UV radiation field of the'sta
the magnetic field, an&(v/vc) is a dimensionless function de-Nverse Compton cooling can significantly alter the relativ
scribing the shape of the synchrotron spectrum - tabulaaéd velectron distribution. The rate of energy loss of a relatiui
ues ofF (v/v¢) can be found in Ginzburg & Syrovatskii (1965) lectron exposed to an isotropic distribution of photonsrby
The characteristic frequency for synchrotron emissiontiin  Verse Compton scattering, in the Thomson limit, is (Ryb&ki

isotropic limit) is given by, Lightman 1979),
3’gB 3 4 V)2
e ©) Peomn= 30707 (%) Upn (10

wherevy = wyp/ 27, andwp = qB/mec is the cyclotron frequency whereot is the Thomson cross-section (assuming elastic scat-
of the electron. The total synchrotron power is then catedlay tering and neglecting quantunffects on the cross-section) and
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Upn is the energy density of photons. Defining the cumulative r@iable 3. Importance of non-equilibrium ionisation for Cyg OB2#9.€Th
diative flux from both starsfsiars = L1/rf+L2/r§ (erg st cm2), binary separation at apastraies(¢ = 0.5) = 2965R,, and at perias-
whereL; andr; are the luminosity and distance of a point fron{on dse¢ = 1) = S01R,. System and stellar parameters are noted in
stari, respectively. The time rate of change of the Lorentz factdfPles 1 and 2, respectively.

due to inverse Compton coolingy tit|,c can then be evaluated

from Ml M2 teq/ Porb ICouI/dsep |Cou|/dsep
’ (Moyr?)  (Moyr?h (=05 (¢=1)
dy oy 20 2 9 5x 10° 58%x10°% 0.12 0.005 0.029
Tl T3 5 =861x 10y fstars (11) 65%x107 75x107 0.92 0.038 0.223
ic  OfMeC 5x107 58x107 1.20 0.050 0.290

Note the dependenceyfitc « »?; inverse Compton cool-
ing is more significant for the highest energy electrons - see
(Pittard et al. 2006) for further discussion. The impactwgrse
Compton cooling is assessed in our model by integrating Eq
along streamlines in the post-shock region ($€e3.2).

In addition to inverse Compton cooling, as relativisticcele
trons flow downstream away from the shocks they may lose

jnd acceleration on the importance of radiative coolinge3e
dels show that at orbital phases close to periastron time co
bined dfect of the shocks entering the wind acceleration regions
and the opposing stars radiation field reducing the net aczel

ergy through Coulomb collisions with thermal ions. The @ite b cause the post-shock gas to be on the border-line batwee

L radiative and quasi-adiabatic (see also Parkin & Gosset)201
energy loss for electrons from Cpulomb cooling is (see RmaThis has a knock-onfiect on the plasma temperature, reducing
et al. 2006 and references there-in), '

it below that estimated for models where stellar winds astain-

dy nin A taneously accelerated at the stellar surfaces. Based atve,
_ 14 i -1 ;

o =3x10° S (12) we may expect large changes in the character of the shocks be-
Coul vye-1 tween apastron and periastron, which will be conveyed in the

In contrast to inverse Compton cooling, Coulomb cooling &PServed X-ray and radio emission. _
more significant for lower energy electrons ag/dtjcou o The wind dens['ues for Cyg OB2#9 arefBaiently Iow as
(42 - 1)"V/2. The impact of Coulomb cooling on the relativis-© dford the question of whether the shocks are collisionless

tic electron distribution may be readily assessed by imtiigg ©OF collisional. Importantly, there is the possibility thelectron

Eq 12 along streamlines (as outlinedig.3.2). temperatures may be significantly lower than ion tempeeatur
The intrinsic radio emission may also be reduced by ti the immediately post-shock region, increasing as gassflow

Razin dfect. In essence, the Raziffet relates to a suppres- ownstream and Coulomb interactions bring about eledwon-

sion of the “beaming” of synchrotron emission, which is s temperature equilibration. Analyses of X-ray em|SS|o_mfr$u—

by a change in the refractive index of the plasma surroundiﬁg_mova remnants has revealed a trend of decreasing electro

the emitting region. Thisféect is incorporated in our modelstO-10n temperature ratidle/T, with increasing shock velocity

by replacing the intrinsic Lorentz factor for relativisétectrons (Rakowski 2005). For the shock velocities in Cyg OB2#9, typ-

(after inverse Compton and Coulomb cooling) with the modifid€@! values ofTe/T = 0.1 - 0.2 are anticipated. One may esti-
mate the importance of non-equilibrium electron and iorngem

value, . a7 )
atures in Cyg OB2#9 by considering the timescale for electron-
y = 4, (13) ion temperature equilibratiorteq (see Eq 7), and the length
14+ Y222 scale for Coulomb collisional dissipatiolou =~ 7 x 10M8vg/n;

(Pollock et al. 2005). In Table 3 we list values tg§ andlcou
for Cyg OB2#9, where simulation data has been used to es-
timate n; and T. For our initial mass-loss rate estimates of
M; =5x10"° Mg yrtandM, = 5.8x 10°® M, yr-1, the com-
puted value oteq = 0.12 Py, When contrasted with the flow
glme for the post-shock winds @fow ~ dsep/Veo = 0.01 Pgp,
sSuggests that an electron-ion temperature ratio less thiay u
may occur for Cyg OB2#9. Furthermore, if lower mass-lossgat
are considered, the equilibration timescale and lengtle Soa
3. Cyg OB2#9 Coulomb collisional dissipation increase. For examplepditig

_ . My =65x107" MgyrtandM; = 7.5x 107 M, yrt, one
Before proceeding to the results of the hydrodynamic simulgngst,, = 0.92P,. Hence, there is a larger likelihood for non-
tion and emission calculations, in this section we will rtae  equilibrium electron and ion temperatures in models witheb

results of previous studies and highlight important phy$ar  (than our initial estimates) mass-loss rates.
models of Cyg OB2#9. The adopted parameters of the system

and stars are noted in Tables 1 and 2, respectively. ThevVarge

ation in observed radio flux across the orbit (van Loo et @080 4. Hydrodynamics of Cyg OB2#9
Blomme et al. 2013) is characteristic of a highly eccentiaby L . .
system. Indeed, the orbital solution derived by Nazé ¢pai0) 4-1. Qualitative features of the simulation

rgturnede ~ 0.744_1. This has since be_en revisedeto: 0.711, Snapshots of the density and temperature at apastrend.5)
with an orbital period of 860 days, using the recent optical ang,,q periastrond = 1) from the hydrodynamic simulation of

radio analysis by Nazé et al. (2012b) and Blomme et al. ()ZOlg:yg OB2#9 are shown in Fig. 1. A number of interesting qual-
The model constructed by Nazé et al. (2012b) (based on esti-

mates for the stellar parameters) provides valuable palysie 3 Alternatively, one may use the scalar constructed by Zhék007)
sight into the system, particularly the anticipated sigaifice of to estimate the importance of non-equilibrium ionisation.

where v is the emission frequencyy, = +/g2ne/mMme is the
plasma frequency, arglis the electron charge.

For further information regarding the calculations forefre
free emissiofabsorption and synchrotron emissiainsorption
we refer the reader to Dougherty et al. (2003), Pittard et
(2006), and Pittard & Dougherty (2006).




E. R. Parkin, J. M. Pittard, Y. Nazé, and R. Blomme: The 2.8&njtch of Cygnus OB2 #9. Ill.

- le-11 6.e+07
2.e-13 - l.e+07
3.e-15 2.e+06

-6e-17 5.e+05
l.e-18 - l.e+05

Max: 1.8-09 Max: 6.e+07
Min: 2.e-18 Min: 1.e+04

- le-11 6.e+07

2.e-13 -~ le+07
$.F
| Rl

J.e-15 2.e+06

e
Sl 4
-6.e17 'ﬂ"‘ 3 5.6+05

1.e-18 - le+05
Max: 1.e-09 Max: 6.e+07
Min: 9.e-19 Min: l.e+04

Fig. 1. Simulation snapshots showing the orbitaH(y) plane at orbital phases,= 0.5 (top) and 1.0 (bottom). The left and right columns show
density (in units of g ci?) and temperature (in K), respectively. All plots show thi fu- y extent of the domaie: +2.06 x 10** cm= 2963 R,

- for comparison, the primary and secondary star have asaif0 and 16 B, respectively (se@ 2.2 for further details). At apastron (top row)
the primary star is to the right, and vice-versa at periastbottom row).
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Fig. 2. Data extracted from the line-of-centres as a function oftakiphase. The primary star is situateddat, = 0, wheredse,, is the binary
separation, and the phase-dependent position of the sagostdr coincides with the “V”-shape in the plots. Shown &rgarithm of density in g
cm3 (left), logarithm of temperature in K (middle), and line-céntres velocity in units of £ocm s (right).
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itative features are highlighted. At orbital phases clasagas- pear higher after periastron passage in the secondary wiad.

tron the motion of the stars is relatively slow in comparison To examine these features in more detail, in Fig. 3 we show the
the wind velocities and as such the influence of orbital mmotio  pre-shock wind velocity as a function of orbital phase. Fame

the colliding-winds region (CWR) is minor. The collisionthfe parison, estimates from 1D wind acceleration calculati@ng.
stellar winds leads to the production of strong shocks betweStevens & Pollock 1994) are shown - note that these estimates
the stars with temperatures reaching x 10’ K. The relatively differ from those presented by Nazé et al. (2012b) because of the
high temperatures of post-shock gas as it flofi$he grid shows different stellar parameters adopted in this work. Immediately
that radiative cooling is not important at apastron. noticeable is that the wind velocity along the line-of-cestdoes

As the stars approach periastron the binary separation ct reach the terminal velocity (Table 2) at any phase thioug
tracts and the relative speed of the stars increases. Therno the orbit. Moreover, the pre-shock velocities of both winlds
of orbital motion, namely the curvature to the shocks réasglt Not reach the values estimated from 1D model calculations of
from the Coriolis force (see also, for example, Parkin &4rit Static stars that include competing radiation fields. Atgmtron
2008; Parkin et al. 2009; Pittard 2009; van Marle et al. 201the primary’s wind exhibits a pronounced dip in excess of tha
Lamberts et al. 2012; Madura et al. 2013), is apparent in tRgticipated from the 1D estimate, very reminiscent of tHat o
arms of the colliding winds region. However, the shape of tt€rved in simulations of Car by Parkin et al. (2011) (see also
shocks within a binary separation of the apex remains |Wgé\.f’ladur§1 et al. 2013). A considerable deV|at|0r! from .the 1D es-
the same as at apastron, indicating that the wind momentiion rdimate is observed for the secondary star’s wind, with the pr
does not change considerably through the orbit. At bothtegras Shock velocity showing a small increase rather than a dserea
and periastron the CWR is roughly equidistant between tire stat periastron. Whether this is the result of a reduction enith
(Fig. 1), consistent with a standfalistance estimate (assumindhibiting influence of the primary star, or an enhancemeniéo t
terminal velocity winds) off = dseg7/?/(1 + n*/?) = 0.46dse, WiNd acceleration is not clear. Returning to Fig. 2, therans
With 77 = M1Veor/ MaVeop = 0.74 (Table 2). indication from the plot that the variation in pre-shockoel

An indication of the change in separation of the stars thlnou%y at orbital phases near to periastron arises due to atiaria

the orbit can be gained from Fig. 2 where we show the de

sity, temperature, and wind velocity along the line-of{cesbe- . . . , 3
tween the stars as a function of orbital phase. The posifitineo star (corresponding to the inner wind acceleration regitags

shocks between the stars can be seen as the V-shaped featd&%h???ﬂgﬁlSWOSJ?f[)%btlzatptrﬁgggﬁ;:iéuﬁnog?gisﬁgﬁk'Tpimat
the figure; the post-shock gas density increases at smai g ; ; . : ;
sepa?ations, W%en the sho%ks resideycloserto the stamzpt/? seen in Fig. 3 is the result of orbital motioffecting the winds
the post-shock gas temperature (on the line-of-centres dot at a distance greater than a few stellar radii from the stade-

; oo . tailed analysis of the contributions from the relative motbf
change considerably through the orbit (middle panel of Ejgit : . :
is clear from the lower right panel of Fig. 1 that the downaine the stars and orbital phase dependent velocity projectiests

post-shock gas cooldtectively at phases close to periastron. Ir(1e'g' Parkin et al. 2011) is beyond the scope of the currerkt.wo

the downstream, curved arms of the CWR, where the tempera-
ture < 10° K, the gas is unstable, exhibiting a similar flow cor4.3. importance of cooling

rugation to that observed in simulations of WR 22 by Parkin & . - -
Gosset (2011). The snapshots of density and temperature in Figs. 1 and 2 indi

cate that at phases close to periastron the post-shock gias in
CWR is smooth and remains at a high temperatiirg (10° K)
4.2. Wind velocities within a distance from the shock apex of at least twice the bi-
nary separation. The significance of this is that gas doesout
The simulation includes wind acceleration and the addiffectively in the region where the majority of the observed X-
tional dfect of the opposing stars radiation field in acceleratay and (non-thermal) radio emission is emitted. As sudis, th
ing/decelerating the wind. As such, we may expect t#fle@s region can be considered to be quasi-adiabatic througheut t
to arise: radiative inhibition (Stevens & Pollock 1994)dam- orbit. This contrasts with the downstream arms of the CWR, pa
diative braking (Gayley et al. 1997). Radiative inhibiticefers ticularly at periastron, where cooling is clearlfective.
to the reduction in the net acceleration of the winds betviken To place the assertions in the previous paragraph on a more
stars as a result of the opposing stars radiation field. Re€lia quantitative footing, we use the simulation data to compiuge
braking, on the other hand, refers to the sharp deceleraﬁoncoonng parameter for the post-shock gasFollowing Stevens

a wind as it approaches the photosphere of the star (with #eal. (1992), we defing to be the ratio of the cooling time to
weaker wind). This fect is expected to be important for systhe flow time:

tems with disparate wind strengths, whereby the CWR occurs ¢ Vidyo
close to one of the stars. Given this, radiative braking isaso , = 22 - 87
important as radiative inhibition for Cyg OB2 #9 because the fiow M-z

shocks are roughly equidistant from the stars. wherevs is the pre-shock wind velocity (in units of @m s),

The rightmost panel in Fig. 2 shows the wind velocity along; is the binary separation (in units of ¥acm), andM_; is the
the line-of-centres between the stars as a function of airbitvind mass-loss rate (in units of 10M, yr~1). For reference,
phase. The sharp contrast in colour close to the stars st@vsy > 1 denotes adiabatic gas< 1 corresponds to rapidly cool-
rapid acceleration of each stellar wind - the primary staides ing gas, angk ~ 3 means that the post-shock gas will be quasi-
on the x-axis and the secondary star is coincident with the &diabatic close to the CWR apex but will cool roughly three bi
shape. Also apparent in the figure is an asymmetry in the windry separations downstream. The lower panel of Fig. 3 shows
velocities either side of periastron. For example, the ciilss  values ofy as a function of orbital phase. Throughout the orbit
in the pre-shock primary star's wind are noticeably higher & > 4 which means that the shock apex region remains quasi-
¢ = 09 than atp = 1.1. In contrast, the wind velocities ap-adiabatic. Values of for both winds show similar evolution,

wind velocities closer to the shocks than to the stars.aRut
other way, the sharp gradient in the wind profile close to the

(14)
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Fig. 3. Pre-shock velocities (upper panel) and post-shock coglang
rameters (lower panel) derived from the three-dimensidmnadro-
dynamic simulation. For comparison, curves are shown foe-on 1020 L L L L L
dimensional static-star model estimates (which includedwacceler- 0.6 0.8 1 12 14
ation and the radiation fields of both stars). The dashedrittee lower Orbital phase
panel corresponds fp= 3; wheny < 3 gas cools fectively within the
post-shock region where emission predominantly origgétem. Fig. 5. Column density as a function of orbital phase computed fitwen t

X-ray radiative transfer calculations. Thdfdrent curves corresponds
to different reduction factors for the wind mass-loss rates. Thedmo

- . ., tal dashed line in the column density plot corresponds tobtst-fit
and the deviation from the 1D model estimates can be atewbu{;, e of 3x 102 cm2 attained by Nazé et al. (2012b) for phases close

to the comparatively lower pre-shock wind velocities angh@s 15 periastron.
metry about periastron passage (see upper panel of Fig. 3).

Noting the results of the X-ray emission analysis in the fol-
lowing section, a key finding is that achieving acceptabtetéit
the column density requires the wind mass-loss rates to-be tife methods used s€e2. We focus in this section on using the
duced by a factor o& 7 — 8. This has the consequence of reresults of the radiative transfer calculations to constitaé wind
ducing the importance of cooling in the winds because of tiigass-loss rates and the ratio of electron-to-ion tempexafinis
corresponding reduction in the gas density and the simgle fanalysis reveals that our initial mass-loss rate estimatgsire
thaty o 1/M_7. As such, for the lowered mass-loss rates thatdownward revision, and that valuesf/T < 1 in the post
we consider later, cooling is less important in the regiothef shock gas are supported by the fits to observations. All Xcady
CWR close to the shock apex (where the majority of X-ray arglilations adopt viewing angles b& 60° and6 = 280°, wherei
radio emission originates from). Consequently, althougler=: s the inclination angle anéis the angle subtended against the
tirely consistent approach would require a separate stounla positivex-axis (in the orbital plane). Our adopted values ahd
to be computed for each choice of mass-loss rates, a very g@agte taken from van Loo et al. (2008) and Nazé et al. (2012b),
approximation can be made using the single simulation tieat vespectively. Note that when comparing models to obsemati
have performed, but with gas densities adjusted to accaunt 4|l fits are performed “by eye”.
different mass-loss rates.

5.1. Constraining wind mass-loss rates

5. X-ray emission . . .
y The first order of business is to assess how well the model us-

In this section we confront the X-ray observations of Nazél.e ing our initial estimates for stellar and system parameftaes
(2012b) with emission estimates from radiative transfécuda- against the observations. The blue curve in Fig. 4 shows.the 0
tions with the AIR code, using density and temperature \@lug&0 keV flux computed from the model. The variation in the X-
from the hydrodynamic simulation as input. For a descriptib ray luminosity as a function of orbital phase is consisteithw
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the scaling.x o p? oc didVpk (Wherevyre is the pre-shock wind 5.2. Non-equilibrium electron and ion temperatures

velocity) which follows from the assumption thist, wind mo-
mentum ratio, the post-shock gas temperature,/&fid ~ are
roughly constant. Note thale, changes more than,. between
apastron and periastron, helgescales more strongly wittfep,
The blue curve in Fig. 4 also quite obviously over-estimétes
observed 0.5-10 keV flux by a facter 50. Similarly, the stan-
dard model gives an emission weighted column defglat
over-estimates the value of>x310°! cm2 derived from X-ray

spectral fits for phases close to periastron by Naze et@L.2a) shots of Te¢/T at apastron and periastron from a model with

(llustrated by thg dashed_ horizontal line |n_ Fig. 5). 7e_i = 0.1 (recall thatro_; definesTe/T immediately post shock
The over-estimates in column density suggest that oUgees 2.3.3) andy = 0.1 in Fig. 6. The figure shows that elec-
adopted wind mass-loss rates are too high. Indeed, lowdT&1g (145 are heated as they flow away from the shocks. There is a

wind mass-loss rates, which we simulate by reducing the g3siceable rise in electron temperatures at the contacouis
density in the calculations by a factor, nuity, due to the increased time since this gas was shocked. A
phases close to apastron, post shock gas densities ardrat the
. lowest andT/T remains relatively low throughout the shocked
= ﬂ (15) winds region. In contrast, at periastron (lower panel in. By
Mi_o Coulomb collisions heat the electrons much quicker and eva f
binary separations downstredrg/ T has risen to close to a half,
with electron and ion temperatures reaching equilibrajicst
&Srior to where the shocks are disrupted by instabilities (seer
left panel of Fig. 1). Importantly, however, electron temgiares

h duced | | b .2~/ are low in the region where X-ray emission predominantlg-ori
Furthermore, reduced mass-loss rates also substantigtpve jnates from (i.e., within a binary separation of the apexhaf t
the fit of the 0.5-10 keV X-ray flux (Fig. 4). We find that a valug;in4-wind collision region).

of ¢ ~ 0.1 is optimal for simultaneously fitting the column den- In Fig. 7 curves are plotted for a series of X-ray models in

sity and X-ray fluxes. _ _ whichte_; has been varied. (Note that mass-loss rates as implied
It should be noted that since the post-shock winds are quasém the analysis ir§ 5.1 have been used in these calculations.)
adiabatic ¢ 2 4 - see Fig. 3) throughoutthe orbit, the shocks wilinterestingly, without invoking non-equilibrium electrand ion
be relatively smooth and we cannot appeal to thin-shellmgixi temperatures (i.e. when_; = 1) the models underestimate the
or oblique shock angles, caused by corrugated shock intsfaghserved 0.5-2 keV X-rays while overestimating the 2-10 keV
as a mechanism to reduce the intrinsic X-ray luminosity aseh flux. Reducingre_; remedies this deficiency, and a markedly bet-
effects are typically associated with radiative shocks - seg, eter fit to the observations is acquired with; ~ 0.1. In essence,
Parkin & Pittard (2010), Owocki et al. (2013), and Kee et aby reducingre; the X-ray spectrum has been shifted to lower
(2014). Furthermore, although an under-estimate in therobs  energies, with an additionalfect of lower energy X-rays be-
tionally inferred column densifywould allow larger mass-loss ing more susceptible to absorption. This explains why tBel®
rates, the over-prediction of the X-ray luminosity (whicka®es keV flux shows a steady decline with decreasing.
with the mass-loss rate) is unavoidable unless mass-ltessaee In Fig. 8 we compare the best-fit model spectra against a
reduced. sample of the observe®MFT andXMM-Newton spectra (Nazé
At first hand the suggested reduction in the mass-loss ra&#sal. 2012b). The fit of the model to the data is best in the
may seem drastic. However, we note two factors in this regadd4 keV energy range. At both lower and higher energies the
Firstly, there is the uncertainty in wind mass-loss rates tilu model and observations diverge slightly. The over-estmat
wind clumping (see, for example, Puls et al. 2008). (Notey-ho X-ray flux at energies less than 1 keV could be remedied by an
ever, that clumpy colliding winds in the adiabatic regimendd increase in absorption, which could be achieved by a minor in
affect the X-ray flux Pittard [2007].) Secondly, consideralgle r crease in the mass-loss rates. The slightly higher modebfiux
ductions to mass-loss rates were also implied by the asadfsi E > 8 compared to observationsg@t 0.803, 0.901, and 0.997
Parkin & Gosset (2011) for WR22, and for a sample of smadliggests that the adopted wind velocities are a little togela
separation systems by Zhekov (2012). From a more general gdowever, the fact that the model under-predicts the highgne
spective, our initial mass-loss rate estimates are basédenn flux at¢ = 1.118 provides evidence to the contrary, and we are
retical calculations for single massive stars. Thus it isgnal apprehensive to adjust the adopted wind velocities. Alllin a
to see how well such estimates fare when applied to binary syise best-fit model provides a good match to the observed spec-
tems. tra, although there is an indication that the agreementicbel
improved with some minor adjustments to stellar, and peshap
4 The emission weighted column is defined asf(2 also system, parameters.
. " The above results indicate a significant importance fidedi
(2,10, Koy iheres = e S 1S, 5 ing eectron and on temperatures for Cyg OB249. This vale
’ in good agreement with the X-ray analysis of WR140 by Zhekov

X-ray flux, and the sums are over all sight lines in the radgatiansfer ) .
Cammaﬂons (Parkin & Pittard 2008). g & Skinner (2000), where._; ~ 0.2 was found to provide bet-

5 In this regard it is worth noting the results Pittard & Park@010) ter fits of model spectra to observations than = 1. (Pollock

and Parkin & Gosset (2011), who showed that column densitybea €t al- [2005] found further evidence of non-equilibriumatten
energy dependent and, moreover, the column density retimpstan- and ion temperatures in WR140 from the low velocity widths of

dard fitting procedures may not be exactly correct. less energetic ions, implying a slow rate of post-shocktedac

The stellar wind densities in Cyg OB2#9 ardfaiently low that
there is potential for the shocks to be collisionless &8 The
reduction to wind mass-loss rates inferred in the previeaien

will increase this likelihood. Thus we may reasonably expec
that electrons will initially be at a lower temperature thamns in

the post shock gas.

As a visual aid for the spatial dependence of electron tem-

peratures in our radiative transfer calculations, we shoaps

where Mi_o is our initial guess at the wind mass-loss rat
(Table 2), brings the model calculations into much betteeag
ment with our observational constraint 0k30?* cm2 (Fig. 5).
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Fig. 6. Spatial distribution of the ratio of electron-to-ion temgieire, 0.6 08 1 12 1.4
Te/T, from a model calculation withe_j(= Te/Tlo) = 0.1 andy = 0.1. Orbital phase
The orbital & — y) plane is shown at phases,= 0.5 (top) and 1.0
(bottom). All plots show the fulk — y extent of the domain (s&¢2.2). g, 7. X-ray lightcurves examining thefiiect of reducing the value of
Note that values of /T in the un-shocked winds are plotted as zero tg&i (= Te/To) on the 0.5-10 (top), 0.5-2 (middle), and 2-10 keV (bot-
aid visibility but are taken to be unity in the X-ray calcuats. tom) fluxes. These calculations have reduced mass-loss wita the
reduction factor ) indicated in the plots. Observationally derived X-
ray fluxes (Nazé et al. 2012b) are shown for comparison.

heating.) In contrast, Zhekov (2007) found that X-ray spact

fits for WR147 (which has mass-loss rates closer to Cyg OB2#9

than WR140, and a larger binary separation) demamglgec 1  temperatures in models of colliding wind binaries, and ttuad

and rapid post-shock temperature equilibration between-elrange of post-shock electron-to-ion temperature ratitesied,
trons and ions. Attempting to identify trends between syste it will important to build a more complete sample to better in
where models including non-equilibrium electron and iom+e form our understanding of these systems in future studiés, |
peratures have been considered is, therefore, not a sfarigh however, noteworthy that the initial post-shock electimmtem-
ward task. Both Cyg OB2#9 and WR140 have large orbital eperature ratio ofe_; ~ 0.1 for Cyg OB2#9 is in good agreement
centricity, and similar binary separations, yet mass-assesti- with values derived for X-ray emitting supernovae blast esv
mates for these two systemsfdr by more than an order of mag-(Rakowski 2005).

nitude. On the other hand, terminal wind velocities may jmev In summary, to fit the observed column density and X-ray
a divider as Cyg OB2#9 and WR140 hawe > 2000 km s, flux we are required to reduce our initial mass-loss rate esti
whereas WR147 hag, ~ 2000 km s*. Considering the modest mates by a factor of roughly 5-10 and invoke the presence of
number of attempts to include non-equilibrium electron mmd low temperature electrons in the post shock gas. After a num-
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the post-shock gas and the resulting radio emission. Tdhset t
observed —— 1 F T scene for the parameter space exploration that will follis,
] example calculations are performed using two contrastitg s
of parameterse > ¢ and{re < ¢g.
Fig. 9 shows the spatial distribution of #dy/dt, which is

=
S
N

[
<
@

=
S
A

Flux (photons stem? keV'l)

10° used to quantify the importance of inverse Compton cooling i
10 our calculations - see Eq 11. In essence this scalar traekecth
cumulated stellar flux incident upon parcels of gas as they ar
107 advected through the CWR. Values are low immediately post
10° shock, but grow as parcels of gas are advected through the pos
0. shock region and become increasingly illuminated by thikaste
_ 107 radiation fields (Pittard et al. 2006). A “knot” is apparenttze
% 10 stagnation point of the shocks (close to the centre of thgéma
o in Fig. 9). This feature indicates how flow which is slowedhe t
g 10° post shock region is subject to a larger dose of stellar tiadia
"0 10 thus limiting the maximum Lorentz factor of the relativisélec-
g . trons to a greater degree. At a number of points along the con-
g 10 ] tact discontinuity which separate the shocks, one can sgkasi
> 107 B ] ] patches. From studying movies of the simulation, theseheatc
z . i . ¢=0997 ] . . =118 ] are related to instabilities in the post shock gas.
e > 4 8 05 1 2 2 8 To illustrate the influence of Coulomb cooling and Inverse
Energy (keV) Energy (keV) Compton cooling we show electron distributions and emissiv

ities at two representative positions (see Fig. 9): a pdisec

Fig. 8. Comparison of the best-fit model X-ray spectra to obsermatio 10 the apex of the wind-wind collision region (point “A"), @n
The model was calculated using reduced mass-loss rates (.13; @ point far downstream in the post shock flow (point “B”). The
M; = 6.5x 107 Moyrt andM, = 7.5x 107 Myyrt) andre; = calculation shown in Fig. 10 usés, = 0.15,{s = 5x 107°, and
0.1. The observed X-ray spectragit= 0.803, 0.901, and 1.118 were p = 1.6. In the model the total energy in relativistic electrons
acquired withSMFT and the¢ = 0.997 spectrum was acquired withscales with the gas pressure, which is lower in the gas down-
XMM-Newton (Nazeé et al. 2012b). (The observed spectra correspondggeam of the shocks apex. This explains the lower norntaisa
the fits with “one temperature fixed” presented by Nazé e2@l2b.) gt “B” compared to “A” for the intrinsic electron distribwtis in
Orbital phases of the observatiors) @re noted in the plots. Fig. 10. Coulomb cooling is responsible for a reduction at th
low energy end of the electron distribution, which equatea t
turn-down in emissivity towards lower frequencies, allbaitely
noticeable in this case. However, by comparison, the Rdzin e
fect causes a considerably larger reduction in emissititgva
kfrequencies than Coulomb coolfhd@here is a drastic reduction

electron-ion temperature ratiee; ~ 0.1. The results of us- in the number of higher energy electrons as a result of ievers

; ; g .~ Compton cooling. Consequently, the emissivity at higher fr
th best-fit t llustrated by th eved
|Fnlg 7.ese est-iit parameters Is Hustrated by the gre ar guencies falls considerably, and more-so in the downstfkam

(“B”). Due to this dfect, the emergent radio emission essentially
originates from close to point “A” with only a minor contritian
6. Radio emission from regions further downstream.
. . . Repeating the above exercise for the set of paramétges
In this section we continue to confront our model of Cyg OB2#§ , 1o-4 Zs = 05, andp = 1.2 shows a number of similar-

with observational constraints, now turning to the radimd®.  jia5 and some marked fiérences in electron distributions and
Previous models of Cyg OB2#9 have provided tantalising eimissivities. Examining Fig. 11, one sees that Coulomb-cool

dence for non-thermal radio emission from a wind-wind ec_;lhing has only a minorféect on the low energy electrons, whereas

sion (van Lé)o etal. ﬁ008; Blolmme et al.d2013)._|n Ejhe fOIIO‘ff‘j”ninverse Compton cooling significantly reduces the high gyer
we proceed using the mass-loss rates determined §r6rand g octron distribution, causing an abrupt turn-down in taias

focus on the following goals: establishing whether norriti® igtic electron population (in common with the previowse).
radio emission is required to match the observed radio f8t; € g R4zin gect and Coulomb cooling have a very minor impact
mating the relativistic electron and magnetic energy d@ssie- ,, omjssivities - the weaker influence of the Rafieet in this
quired in such a case; and, investigating whether a nordatan e of calculations is the result of the considerably steomgag-

power-law slope to the relativistic electron distributisnsup- - atic field which pushes the Raziftect-related low frequency
ported (e.gp < 2). As with the X-ray emission models in they, - gver,, to much lower frequencies. The plots of emissiv-

prewous“secuon”, fits of the radio models to the observation;as in Fig. 11 also highlight an interestingfect associated
data are "oy eye”. with inverse Compton cooling, namely that the drastic capli

ber of additional trials (not documented herein), we acdie¢
¥ = 0.13, giving best-fit values oM; = 6.5 x 107" Mg yr*
andM, = 7.5x 1077 M, yr-%, and an immediately post-shoc

6.1. Inverse Compton cooling 6 The magnitude of the reduction from the Razifeet depends on
. L . . .._.the magnetic field strength through the paramégesc B. If a larger
Inverse Compton cooling has a significant impact on theidistja e ofz;, were adopted, then the impact of the Raziieet would be
bution of relativistic electrons in the post-shock gas, #ns smaller because the associated turnover frequercy,B-1. However,
affects the emergent synchrotron emission. In this section we adopted value in Fig. 10 is chosen based on a parameta spa
highlight the spatial dependence of inverse Compton cgatin ploration, and is therefore representative of our “be$titue.
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of the relativistic electron distribution causesiaorease in the
emissivity towards lower frequencies. The root of this éase
can be traced to the change in the characteristic frequeihcy o
synchrotron emission;;, which dfects the emissivity through
the termF(v/vc) - see Eq 8. When inverse Compton cooling
is not included, the intrinsic electron distribution hasues of
v/ve < 0.3 and in this rangd (v/ve) o« (v/vc)Y® (Rybicki &
Lightman 1979). When inverse Compton cooling is included,
the relativistic electron distribution is pushed to loweeggies
and there is a significant reductiomifn This causes an increase
in v/ve, and thusk(v/v¢). To illustrate this behaviour, and the
contrast in the response B{v/v.) to inverse Compton cooling
between the cases withy = 0.15,{z = 5x 107°, p = 1.6, and
with el = 6 x 104, g = 0.5, andp = 1.2 we show respec-
tive plots of F(v/v.) as a function of electron number density in
Figs. 12 and 13. Plots are shown at frequencies, 1.6, 5, 8,
and 15 GHz. When inverse Compton cooling is included in the
case With;e) = 0.15,/g = 5x 107°, p = 1.6, the result is a de-
crease irF(v/v¢) at all of the frequencies examined. In contrast, g Lok

as described above, for the case wjth = 6 x 1074, /g = 0.5, "

andp = 1.2, the inclusion of inverse Compton cooling results in

a sizeable increase F(v/v¢) across a wide range of the electrorrig. 9. Spatial distribution of the inverse Compton cooling scalar
distribution, which then causes an increase in the emigsivi  orbital phaseg = 0.8 from a model calculation witlfe = 0.15,

. . = 5x10°, andp = 1.6. The full x — y extent of the domain is
Comparing the results for Cyg OB2#9 against those féllzown (sees 2.2). Points “A’ and “B” are reference points for com-

WR147 by Pittard et al. (2006) (see their figure 3), we note thgying the influence of inverse Compton cooling on the enmngalio

the smaller binary separation in the case of Cyg OB2#9 leaglission (se¢ 6). Note that the scalar is zero in the un-shocked winds.
to a more dramatic impact of inverse Compton cooling on the

emissivities - recall from Eq (11) thatddt|,c o fsars 1/d§ep

2e-18

Indeed, in the case of WR140 (which has 0.9, a compara- 10 e —
ble periastron separation to Cyg OB2#9, and roughly a factor A 1 [B 'mfingié — ]
of two larger apastron separation), Pittard & Dougherty0@0 10" 3 IC 3
and Reimer et al. (2006) find that inverse Compton losses con- o b

siderably diminish the population of relativistic elestsmat high Zcu 107 i 7
energies, thus reducing the radio emission at high freqaenc < 1| ]
for models close to periastron. These findings act to highlig I

the importance of including inverse Compton cooling in mod- 102 F g -:
els of radio emission from massive star binaries. In paldigu I ] ]
the result that inverse Compton cooling can acinwease the 10’3100' 10 100 108 105100 108 102 107 10' 10°
emissivity in cases wheig > (e has notbeen seen in previous Gamma. Gamma.

work and highlights an important, but subtléest.

1020
-25
6.2. Exploring different values of (e, {g and p = 2 10
2 1430
The free parameters in the radio emission model are thesrattio § 10
the energy density in relativistic electrod, and in the mag- £ 19 Intrinsic ]
netic field,Zg, to the local thermal energy density, and the power- Razin —— ]
law slope of the electron distribution immediately postak p. 10%F 1 F cs ]
An extensive set of models were explored, aiming to corrstrai s . . . . Al = ]
these parameters. In this sect_ion we report the key findirogs f 10 0! 10 100 102 103101 10° 10t 102 10°
the parameter space exploration. Frequency (GHz) Frequency (GHz)
A first approximation would be to sete = g, such that
we have a single “injectionficiency” parameter;, = e = Fig. 10.Relativistic electron distribution (top row) and emisgimbot-

{8, whereby magnetic and relativistic electron energy dasssit tom row) computed from the hydrodynamic simulation at aitphase,
are in equipartition. Such models do, however, fail to pdeva ¢ = 0.8, adoptingler = 0.15, s = 5x 10° andp = 1.6 in the
satisfactory fit to the observed radio fluxes as the spedupes Model calculation. The left and right columns corresponpidints *A”

is too steep. Indeed, Pittard & Dougherty (2006) encoudterg"d ‘B” in Fig. 9. Comparison of the plots highlights the sakde-
similar difficulties with models adopting = 2 when attempting pendence of the electron distribution and resulting enitgsiCoulomb

. . . ooling has a relatively minorfiect on the emissivity, hence the curve
to fit the radio spectrum of WR 140 (see also Pittard et al. 200 coincident with that for intrinsic emission. Inverse Guon is the

Keeping{ = el = ¢ and varyingp in the range 1< p <  dominant cooling mechanism at the frequencies of the ohtiens be-
2 generally improves the quality of the fits, such tipat= 1 ing used to constrain the model.
produces a notably more satisfactory fit tharn= 2. However,
the models show an excess radio flux at 5 GHz compared to
observations at orbital phases close to periastrd@®b(& ¢ <
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Fig. 11. Relativistic electron distribution (top row) and emissibot-
tom row) computed from the hydrodynamic simulation at aiihase,
¢ = 0.8, adoptingrer = 6 x 1074, &g = 0.5, andp = 1.2. The left
and right columns correspond to points “A’” and “B” in Fig. 9oté
that Inverse Compton cooling causesiaarease in the emissivity at
lower frequencies in this case. Also, the curves for theutations with

Coulomb cooling in the emissivity plots are closely with sbdor the
intrinsic emission.

Fig. 12. The dimensionless spectral shape for synchrotron emission
F(v/vc) (see Eq 8) as a function of relativistic electron numbersign

at orbital phasep = 0.8. This set of plots corresponds to a point close to
the stagnation point (point “A” in Fig. 9) withe = 0.15,45 = 5x 1075,

and p = 1.6. Results are shown for frequenciess 1.6, 5, 8, and 15
GHz. Corresponding electron distributions and emisgsitire shown

in the left column of Fig. 10; for this calculation, valuesthe left cor-
respond to highey, and those to the right correspond to lower

10°

1.05) - see the model witlf;e; = {5 = 0.008 andp = 1 in
Fig. 14.

Considering models with more degrees of freedom, such that_ 10*
el Need not be equal &, andp may be in the range 1.2-2, a g’
flatter radio spectrum may be produced by adoptings rer- In T
this case, by reducings relative to/ye the low frequency turn- 10
down caused by the Razirffect rises to higher frequencies (as
vr « 1/B - see Pittard et al. 2006 for a further discussion of B
this point). The net#ect is that the radio spectrum in the 1.6-15 10 10°
GHz range becomes flatter as the lower frequency emission is ;0
diminished by the Razinfeect.

A representative set of models exploring a range of values fo
Zrel» {8, andp are shown in Fig. 14. The quality of fits improves ~_ 10*
whenp < 2 and{g < (. For example, a model withe = 2
015,75 = 5x 10°%, andp = 1.6 provides a reasonable fit to & ,
the radio fluxes at all four frequencies. Moreover, the madch 10°
the 5 GHz radio flux at orbital phases close to periastron also
improves. All models appear to slightly over-estimate ttigHe 4
flux between 11 < ¢ < 1.3 and to slightly under-estimate the 10 10

15 GHz flux between 8 < ¢ < 0.9. The intrinsic scatter in the
observational data points is also not reproduced by the lmode

10
AN,

10%10°

104
AN,

It should, however, be noted that models with= 2 and i 13 same as Fig. 12 except for a model usifg= 6 x 104, Zs =
{rel > ¢ produce as good a fit to the data as those with,|8&y, o5 andp = 1.2. The calculation is performed for orbital phages

1.2. Hence, based on the current models themmnigndication

that p < 2 produces valid fluxes, yet a firm distinction cannah the left column of Fig. 11.

be made. Another factor that is apparent from Fig. 14 is that
some of the models require relatively large valueggbf a few
tens of percent, suggestinffieient particle acceleration in Cyg
OB2#9. Such large values ¢f, raise the question of whether

0.8. The corresponding electron distribution and emisgigitire shown
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Fig. 14.Radio models exploring thefect of varyingZ.e, g andp. The  Fig. 15. Radio lightcurves showing the result of removing various ab
radio fluxes observed by van Loo et al. (2008) and Blomme é2@13) sorptioricooling dfects from the model. The calculation was performed
are plotted for comparison. usingZre = 0.15,5 = 5x 10°°% p = 16,i = 60°, andg = 28C. To
aid comparison, the curves for “No IC” andr(v/v.) = 1" have been
rescaled downwards by factors of 2 and 100, respectivelg.cliives
for “All” and “No SSA" are closely coincident in the plots, thi the

S . latter obscuring the former.
shock modification may be causing valuespo& 2. We return g

to this point at the end df 8.

A further examination of parameter space reveals that rea-
sonable fits to the radio data can be acquired for a set of mod&lnotable weakness of this set of models is the excess in the
that haveie) <« g and 1< p < 1.2 (Fig. 14). Models of this 5 and 8 GHz fluxes at phases close to periastron. Furthermore,
type require a power-law slope closer to unity (ipe< 2) to compared to models witlie > g, the models with,e) < ¢
obtain a suitably flat spectrum. In addition, valueg©bf order provide a somewhat poorer quality fit to the rise of the 5 and
a few tens of percent are preferred by the fits to observatioBsGHz fluxes between phaseslk ¢ < 1.4. For instance, a
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model with¢re = 3x 1074, /g = 0.5, andp = 1.2 (orange curve) v/v. > 1, such that to first-ord& (v/vc) o« (v/vc)¥? (Rybicki

provides arguably the best fit to observations of the cumetst & Lightman 1979), the relation for the synchrotron power be-

displays excess flux at phases close to periastron at 5, 8,%n&omesPsyn 1ot o {relggl/“vg{gdgé%_ The introduction of a depen-

GHz. dence on binary separation and the stronger scaling with pre
In summary, model fits to the observed radio fluxes of ashock wind velocity explain the larger phase dependendeeof t

guably similar quality can be attained with eithgs > (g or radio flux for the “No IC” curve (compared to that f6i(v/v¢)

Lrel < ¢, With some suggestion of better quality fits wher 2 considered in the previous paragraph). The model fluxesbyary

is adopted. Therefore, based on the current models, firm cdéaetors of 100, 31, 15, and 6.6 at 1.6, 5, 8, and 15 GHz, respec-

straints cannot be placed dg,, g, andp, although the models tively, which should be compared against the scaling i@idtr

do provide some guidance on the regions of parameter spac®gf, . given above, which yields a ratio ef 21. Hence, the

interest. For examplé;e = 0.15,{s = 5x 10°°, andp = 1.6, variation in flux at 8 and 15 GHz can be explained as the re-

or, fret = 3x 1074, g = 0.5, andp = 1.2. sult of changes in the post-shock gas conditions, mostketin

to the binary separation. The 1.6 and 5 GHz fluxes, on the other

hand, require some additional flux variation. The leadingiéa

dates are free-free absorption, inverse Compton coolimdjttze

To give some indication of the physics causing the variaion Razin éfect (see Fig. 15). o
the radio emission as a function of orbital phase, in this sec We may therefore conclude that the cause of the minimum
tion we examine the separate contributions from the Razin &r the model withfer = 0.15,¢s = 5x 10°° andp = 1.6
fect, synchrotron self absorption, free-free absorptioverse iS @ combination of factors. Firstly, free-free absorptays
Compton cooling, and the functidh(v/vc) (which determines @ role becayse the minimum in the I|ghtcurv§as close to perias
the spectral shape - see Eq 8). To establish whettigereint tron (¢ = 1) is less pronounced when it is not included. Second,
combinations of thesefiects can explain the fierences be- the Razin @ect contributes to the depth of the minimum be-
tween models withiey < ¢g and e > (g this exercise cagse,when itis _notlncluded,the minimum has a_flayter butto
is repeated for an example case from both sets of models.Tiirdly, as described above, the synchrotron emission e
Fig. 15 the influence of individually removing the various aton the pre-shock wind velocities through the post-shock gas
tenuatioficooling mechanisms on the radio lightcurves is showRfessure. Thus, a reduction in the pre-shock wind speed tdos
for a model withZ,e = 0.15,78 = 5% 10°%, andp = 1.6 - the Periastron will cause a relative decline in the number dgmsi
“standard” case including all attenuatjonoling mechanisms is relativistic electrons, and also the magnetic field striengiven
represented by the dark blue curve (which is essentiallyatoi the scaling in our model. Indeed, the flux variations in Figate
dent with the green curve). Note that the larger thigedénce coincident with the change in pre-shock wind speeds in Fig. 3
between the standard case and a respective curve, thergheate ~ Next we turn to Fig. 16 which shows the case with =
magnitude of that ffect. The Razin fect is largest at low fre- 3x 1074, /s = 0.5, andp = 1.2. The stronger magnetic field
quencies and decreases towards higher frequenciestatiest Strength in this case renders the Raiie€t less important (see
by the diference between the curves for “No Razin” and “All’§ 6.1). The largest reduction in emission in this case is fraa{
being smaller for the higher frequency fluxes. Similarlygrse free absorption. Interestingly, including inverse Conmptool-
Compton cooling fiects the higher frequency flux more-so thaing actually leads to aimcrease in emission. The reasons for
that at lower frequencies, consistent with the result§ 1. this relate to the decrease in the characteristic frequiemsyn-
Synchrotron self absorption is essentially negligible. chrotron emission that is caused by the cooling of the et

It is evident from the various curves shown in Fig. 15 that @lectron distribution, and the shape of the functitm/vc) that
minimum exists in all cases, albeit less pronounced in tise c4lescribed the emitted synchrotron spectrum -$6el for fur-
with, for example, no free-free absorption. This fact cariure ther discussion. Examining the scaling of the synchrotimmey
ther demonstrated by settifigy/vc) = 1, which removes the de- With no inverse Compton cooling, and wheyv. < 1 such
pendence of synchrotron emission on the Lorentz fastor (2 that F(v/ve) o (v/ve)™3, one findsPsyn ot o Creids Ve Oany:
-see Egqns 8 and 9, a§d.1). As such, wheR (v/v) = 1,theto- The weaker scaling with binary separation explains the-shal
tal synchrotron fluxPsyn-tot(= Ne_reilPsyn), depends on the mag-lower minimum for the “No IC” curve in Fig. 16 compared to
netic field strength and the number density of relativistace Fig. 15. Removing the influence of (by settingF(v/ve) = 1 -
trons,Psyn 1ot « Ne_reiB. From Fig. 15 one can see a clear minikight blue curve in Fig. 16), the normalisation of the lighitee
mum in this casene_rel depends on the pre-shock ram pressuréises (compared to the standard case). The fact that a mimimu
via Ne_re| o< gre|pv§,e o gre|d;§pvpre. Similarly, the magnetic field is still observed wherf(v/v;) = 1 again indicates that flux

scales aB o ({aVpre)Y2d;%, Combining these scalings givegvariations must be related to the post-shock gas pressuee, i

. = similar way as to the case witl}e) = 0.15,(5 = 5x 1075,
a relation for the volume-integratédynchrotron power (when andp = 1.6 described in the preceding paragraphs. The ra-

— 1/2, 3/2 .
IF (v/ve) = é) of PSV'H‘“ ‘])f ﬁfe'%z_ Vore- Note that this dlattelzr re- fio of apastron and periastron radio fluxes for the model with
ation is independent of the binary separation and onlyescal, | ~ 35704 1 = 05, andp = 1.2 at 1.6, 5, 8, and 15 GHz

with the pre-shock wind velocity. This explain_s the flatneés 3,6 10.7.3.3.2.5 and 2.1. Evaluating the relatiorPigs_o; ear-

the F(E/IVC)Zl curve at phases gwhayéfom periastron W'V?fﬁh. lier in this paragraph, the estimated variation in the syotthn

is roughly constant (Fig. 15), and the dip into a minimum whicg, qye to changes in the post-shock gas conditions between

coincides with the yarlatlon Wpre (Fig. 3). apastron and periastronds2.4. Therefore, the flux variations at
The above relations can also be extended to understandghg,q 15 GHz are consistent with intrinsic changes to thekshoc

behaviour of the calculation without inverse Compton awdli \hereas the lower frequency fluxes leave room for additiabal
(“No IC” in Fig. 15). In this case the Lorentz factors for the

relativistic electrons are largely urfacted § 6.1). Noting that 8 \when y/yv, > 1, F(v/v)) o« (v/ve)"2expl/vc) (Rybicki &

Lightman 1979). Expanding the exponential term to first grde
’ The volume of the emitting region scalesds, expive) = 1+v/ve ~ v/ve whenv/ve > 1, leads td-(v/ve) o (v/ve)%¥2.

6.3. Dissecting contributions to the radio emission
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Fig. 17. Radio lightcurve at 5GHz showing the separate contribstion
to the emission: free-free emission from the colliding véimdgion (f-
cwr), free-free emission from the un-shocked winfisynd), and syn-
chrotron emission from the colliding winds region (syn).eTtalcula-
tion was performed usinge = 0.15,73 = 5x 10, p = 1.6,i = 60,
and@d = 280C°. Non-thermal emission clearly dominates at radio wave-
lengths for Cyg OB2#9.

5 GHz flux (mJy)

emission. As shown in Fig. 17, synchrotron emission dorefmat
throughout the majority of the orbit. The contribution frérae-
free emission is noticeably lower, with the wind-wind csiltin
region contributing a negligible flux, consistent with thedel
estimates by Blomme et al. (2013). However, at periastren th
synchrotron flux falls sharply and reaches a comparablé teve
the free-free emission from the un-shocked winds. Scalieg t
un-shocked winds free-free flux estimates from Blomme et al.
(2013) to account for the revised mass-loss rates derivéuein
present work, gives a value of 0.034 mJy (for both winds), no-
ticeably lower than the value ef 0.065-0.12 mJy in the model
calculation (Fig. 17). The explanation for the additionaixfl
comes from mixing between the shocked and un-shocked winds
which increases the free-free flux from the former. Morepver
this also explains the rise in the free-free flux from the un-
shocked winds at phases close to periastron, occurring@s a r
sult of the increased level of turbulent mixing at these pbas
From Fig. 17 we conclude that Cyg OB2#9 is predominantly a
non-thermal radio emitter with free-free emission from time
shocked stellar winds becoming important only for a veryrsho
interval close to periastron.

8 GHz flux (mJy)

15 GHz flux (mJy)

6.4. Spectral index

Orbital phase

In Fig. 18 we show the spectral indexomputed from a model
with re) = 0.15,3 = 5x 10°°, p = 1.6,i = 60°, andd = 280,
compared to observationally inferred values from van Loal et
(2008) and Blomme et al. (2013). At orbital phases away from
periastron § < 0.75 and¢ > 1.25) the model spectral index
is in good agreement with the data points from van Loo et al.
(2008). The fact that the spectral index is lower than thenan

sorptioricooling mechanisms, namely free-free absorption arilC I\_/alue for free-free emis_sior_1 from single star winds-(0.6
' - Wright & Barlow 1975) highlights the apparent non-thermal

![E\éelrisﬁtgﬁggfg;ﬁgggg[ l;}ggg?’in\,:'rfh:r;;;eergrne;u?c] Gdﬂﬂllmlp i emission. However, the model and observations diverge some

mumg and, when inverse }éompton cooling ispincluded the fl yyhat at orbital phases closer to periastror/§0< ¢ < 1.25).

at phases away from periastran € 0.9 andg > 1.1) is higher, is disagreement follows from the poorer fit of the model to

making the minimum more pronounced. . ® The spectral indexs, is the exponent in the relatidh, o v°. For
Finally, before closing this section we examine the separajoth model and observational data, the spectral index wampeted

contributions to the radio flux from free-free and synchwotr using radio data at 1.6 and 5 GHz.

Fig. 16.Same as Fig. 15 except fgg = 3x1074, 7z = 0.5, andp = 1.2.
The curves for “All”, “No SSA”, and “No Razin™ are closely dacident
in the plots.
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. . . . . families of parameters (i.€e > {g Or {rel < {B) is arguably
'\B"B?fr'ne otal, e similar, and neither emerges as a firm favourite. Yet the risode

25 FvanLooetal.  +—e—i T do demonstrate that fits to multi-epoch data have the palenti

to provide deeper insight from contrasting behaviour &edi

ent orbital phases, with the hope that future, more soghistd

models will be able to place stronger constraints on model pa

rameters.

Spectral index

7.2. Constraining the viewing angle

There is a correspondence between the adopted stellar snasse

05 L L L L L and the inclination anglé, of the binary orbit which results from
0.6 0.8 1 12 14 the radial velocity analysis used to derive the orbital 8otu
Orbital phase Hence, it is important to clarify whether the results arersgly

dependent on the adopted inclination angle. For our adaéed
Fig. 18. Spectral index between 1.6 and 5 GHz as a function of orbitir masses we have= 60°, consistent with previous estimates
phase. The calculation was performed usipg= 0.15,4s = 5x 10°, by van Loo et al. (2008). The second angle of interest when
p=16,i =60, andd = 280. Observationally inferred spectral indexdefining the binary orientation is the angle subtended betwe
;’g‘rluciﬁgr‘?s‘éi“ '—;?O?tbﬂ-rs(zhoa%i) ggsntgm?lieeé ?alf/ gﬁéﬁé;‘m? the line-of-centres and the line-of-sight, (projected onto the
The dashed horizontal line at spectral index of 0.6 cornedpdo the g@'gé’lane)' The analysis by Naze et al. (2012b) deteedhi
canonical value for free-free emission from a single massfar wind. - ' ) .

Supplementary tests, adopting “best-fit” parameters fiwam t

X-ray analysis § 5) andZye = 0.15,{g = 5x 10°°, andp = 1.6

(8§ 6.2), and wheréandd were varied, show little dependence of
observations at 1.6 and 5 GHz at these phases (see Fig. ##9.X-ray or radio lightcurves on viewing angle, as might ke e
Encouragingly, the model does reproduce the general trbnd pected given the mass-loss rates adopted. As such, thevetiser
served by Blomme et al. (2013) of a rise in spectral index eddio and X-ray fluxes cannot be used to constrain the orenta
¢ ~ 0.95, followed by a sharp fall aroungl ~ 1, and then a tion of the system. This may, of course, change in future risode
second rise ap ~ 1.05. It should be noted that at phases closghere the synchrotron emissjaibsorption isiot assumed to be
to periastron (05 < ¢ < 1.25) synchrotron emission dominatessotropic (e.g. Reimer et al. 2006; Reitberger et al. 2014).
over free-free (Fig. 17), however the spectral index irféfrom
the 1.6 and 5 GHz fluxes indicates a slope0.6 which would .
typically be taken as evidence ftivermal emission. Examining 7-3- Clumpy winds

the curves with and without the Raziffect in Fig. 15, the rise | i present study we have assumed that the winds are smooth

in spectral index approachlng periastron s the result afger However, there is considerable theoretical and obsenalt®y-

decrease, and earlier onset of decline, in flux at 1.6 GHzahaqdence fc;r clumpy stellar winds (see, e.g., Puls et al. 20a8)

5 GHz due to the Razinffect. the shocks are quasi-adiabatic throughout the orbit clyrfips
present in the un-shocked winds, will be rapidly destroyed i

7. Discussion the post-shock region (Pittard 2007). Hence, we may sately a
o . . sume that the thermal X-rays and non-thermal (synchroti@n)
7.1. Deeper insight from multi-epoch analysis dio emission would not befiected by clumpy stellar winds.

When performing model fits for radio emission from WR 140;:2\7;/;?5”&?};%?%252uﬁgi; Varr?(if:i%n c?t?rip?/b\?v?:l%ticrfr?ir}(wjiggs

Pittard & Dougherty (2006) found that favourable fits to the o the emission of a higher mass-loss rate wind, Mg N
served spectrum could be acquired for two distinct famities ™. 1 9 - e Welumpy: =
values for the parametefg,, Zg, andp. As such, from their fits Mactalfg ", wherefs is the filling-factor for an inhomogeneous
to the radio spectrum at a single orbital phase, they coedudVind (Lamers & Waters 1984) - see also the discussion inr#litta
that there was a degeneracy in their parameter space etiptora €t al. (2006). As such, the neffect of clumpy winds is an in-
One set of best-fit parameters was localised around large \&tease in the free-free emission by a factgf’®. The results
ues ofel, a large ratio betweette and(g, and a value ofp  presented ir§ 6.3 showed that the free-free emission from the
in the range 1.6-2. The second set of models favoured vafuegsmooth) un-shocked winds is roughly two orders of magmitud
p < 1.4, smalletZye, andZg > el Indeed, Pittard & Dougherty fainter than the synchrotron flux for a large part of the gith
(2006) note a degeneracy betwagnand p. The models con- a comparable flux level achieved for only a brief intervalselo
sidered for Cyg OB2#9 i§$ 6.2 (see Fig. 14) are representativéo periastron (see Fig. 17). An increase in flux by a factorre o
of the two families detailed by Pittard & Dougherty (2006} fohundred equates to a clumping facterX/ fs) of one thousand,
WR 140. Interestingly, by fitting models to the radio datagrev well beyond current estimates for hot star winds. In comtras
ing the entire orbit, as has been done in this work, dististgui at phases close to periastron a relatively modest clumggiog f
ing features between the two families of models become apptar (e.g. fs 2 3) could cause the free-free emission from the
ent. For instance, based on a comparison of models in Fig. ua:shocked winds to imprint significantly on the total enegrg
models withéye > (g provide a better fit to the 5, 8, and 15flux.

GHz radio data at phases close to periastgpr=(1). In con- Clumping also may also have an important influence on ab-
trast, models with;¢) < g have an excess flux at phases closgorption. For instance, for a smooth wind we determine the ra
to periastron and too quick a post-minimum recovery. Howevelius of optical depth unity (using the expression from Wrigh

as noted in§ 6.2, the overall quality of the fits from the twoBarlow 1975)R,-1 = 1359, 637, 466, and 308, at frequencies
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of 1.6, 5, 8, and 15 GHz, respectively. These estimatesasere2002). However, the above calculations do not considerdise p

by a factor off;,"”® when wind inhomogeneity is accounted fosibility of magnetic field amplification (e.g. Lucek & Bell RO;

due to the increase in free-free absorption increasing.efbies, Bell & Lucek 2001), which could reduce the estimated surface

if the winds are clumpy, the synchrotron flux may be subject fbagnetic field strengths.

larger attenuation. Thigfkect has the potential to impact on the

shape of the radio lightcurves, particularly close to ptran N

where lines of sight to the apex of the CWR pass deeper into t 'g - Future directions

un-shocked winds. It would, therefore, be of interest toeix@ In the present investigation of Cyg OB2#9 we have exten-

the dfect of wind clumping in future models of Cyg OB2#9. sively studied the hydrodynamics of the wind-wind collisio

and the emergent X-ray and radio emission. We have used a

o . high-resolution, three-dimensional hydrodynamic sirtiafato

7.4. Surface magnetic field estimate gain a good description of the density and temperatureilistr

tions in the system as a function of orbital phase. Exploresi

of additional é€fects such as ffering electron and ion temper-

) ! ; e atures, mass-loss rates, arflokencies of particle acceleration

curring at the wind-wind collision shocks. One of the parany, e peen treated separately from the hydrodynamics, bath t

eters that is returned by the models is the fraction of thermg, i -+iins in the magnitude of thesieets are not fed back into

energy in the magnetic fields. Using some simple assUMP-he gas dynamics. The major advantage of the approach atiopte
tions regarding the radial dependence of the magnetic fields i th%s Wo);k is that a thoroijgh paramgter space F()ae(ploram rl?

may usegg to estimate the surface magnetic field strengths Bken possible because we have tailored the calculatiores to r

the stars. For co_mplete_ness we V\."” (_jerlve estimates for n ce the computational strain. The benefit of this approach i
rotating stars (with radial magnetic fields) and rotatingrst s f,¢re studies of Cyg OB2 #9 can focus on a much narrower
(where the magnetic f'e.ld is toroidal). Let us _conS|der ;hgtpo range of parameter space, and can concentrate on advaneing t
shock region along the line-of-centres, which is roughlyiets- physics prescriptions. In particular, examiningteiient wind-

tant from both stars, and begin with the non-rotating Stasec 1,y entym ratios may produce a more asymmetric minimum in
Assuming a priori that the magnetic field is of equipartitiol,o adio lightcurves, as is required to improve the agregme

strength (or weaker), field lines will be drawn out by the wind ¢ yhe models to observed data points - see the discussion by
have a radial configuration (see, for example, Falceta;&lves Blomme et al. (2013)

& Abraham 2012). Therefore, the magnetic field close to the With future studies in mind, it would be useful to per-

line-of-centres will be (aimost) parallel to the shock nafand, ¢,y simulations in this narrower parameter space range tha
due to the divergence-free constraint, there will be no geang. ¢ .o nsistently include theffect of variations in, for exam-
in the magnetic field across the shock. If we then assume t the initial post-shock electron and ion températureﬁhe

the Alfvén radius is coincident with the stellar surfadee ta- ; o, ; ;
dial dependence of the magnetic field will vary @s(R. /1)’ E%drodynamms. For similar reasons, it would be desirable t

) L . ve simulations which treat Coulomb and inverse Compton
(Eichler & Usov 1993). Combining the above, we may estima oling self-consistently with the dynamics (e.g., Pdtat al.

the surface magnetic field strength on the stars frégy; ~ 2006; Pittard & Dougherty 2006), include magnetic fieldg (e
(r/ R*)z.[(4”/ 3)Pa] 2. Insserting a.typical value from the rf'j‘diOFaIce’ta—GongaIves g Abr{/a\ham )éOlZ), accougnt for anisgt(rop
an_aIyS|s ofgg = 5x 100 af?d_ using the hydrody_namlt_: SIr’nu'synchrotron emission, and treat inverse Compton scadténin
lation to evaluate the remaining terms, we obtain estlmatesthe Klein-Nishina limit (e.g. Reimer et al. 2006). Ideabypre-
Bsur = 8-52 G,(\j/vhere the range of yallues arises from estimatgg, o approach would solve the cosmic ray transport eguiati
at perlastrqn and apastron, respectlve Y. directly with the hydrodynamics (e.g. Reitberger et al. £01

~ Repeating the above exercise for the case of (slowly) rotatoreover, treating the variation in post-shock heatingrfas-

ing stars Yot/Veo = 0.1 Whereviy is the surface rotation ve- tiple species would permit a more complete analysis of non-
locity of the stars), the radial dependence of the toroidagim equilibrium ionisation (e.g. Pollock et al. 2005; ZhekoWZ(. A

netic field goes a8 = Bsur(Viot/Veo)(R./1) (Eichler & Usov  more self-consistent approach would also make possibletsod
1993). Also, the magnetic field will be close-to-perpenticto  of systems where the CWR is turbulent.

the shock, resulting in an enhancement in the post-shock mag

netic field strength by a factor of 4 (Draine & McKee 1993).

The expression for the surface magnetic field then becom8sConclusions
Bsut & 5.12(r/R.)(PZs)Y?. Inserting appropriate values give
Bsurt = 0.3— 1.7 G. Hence, in the limit that the stars are rotatin
albeit slowly, we arrive at estimates of slightly weakerface

magnetic field strengths because the magnetic field féllsith an analysis of multiple epoch data. The wind-wind collisitya

radius at a §Iower rate. _ 5 namics of Cyg OB2#9 has been modelled using a three dimen-
The estimated values dBsys Using s = 5 X 107 are gjgpg| adaptive-mesh refinement (AMR) simulation (inchggli

consistent with weakly magnetized massive stars, lendipg s ind acceleration, radiative cooling, and orbital motiomhich

port to our radio fits. Furthermore, they are lower than maghen acts as the input to radiative transfer calculationgtfe

netic field strengths inferred fpr strongly magnetized dhx emergent X-ray and radio emission. Our main results may be
ray emitting single stars (Nazé et al. 2012a). In contié$te g ,;mmarised as follows:

were instead to adogk = 0.5 in our By calculations (to be

consistent with thes > ¢ models), the estimates shift to — The alteration to wind acceleration along the line-of-cest
Bsurf = 30— 5200 G. Towards the upper limit of this more highly  caused by the interacting stellar radiation field$eds from
magnetized regime, the influence of magnetic fields on wind the estimates from 1D static star calculations. For the pri-
dynamics would become important (e.g. ud-Doula & Owocki mary star we observe a sharp fall in the pre-shock wind speed

The radio emission models presented§i® provide valuable
insight into the quantitative details of particle acceliena oc-

We have performed the first detailed study of wind-wind col-
Yision dynamics and X-ray and radio emission utilising #ire
dimensional hydrodynamic models and radiative transféh w
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close to periastron, whereas there is a small rise in the cofg-= 5x107° and 0.5y is of the order of 18- 10°. For electrons
panion’s pre-shock wind speed. of this relatively low energy, shock modification would prme
— The X-ray emission analysis presents strong evidence falues ofp > 2. Hence, the model results ar@ consistent with
a low ratio of electron-to-ion temperatures in the immedshock modification. As such, values jpf 2 must be produced
ately post-shock gas, and a substantial lowering of masss-Itby some alternative mechanism, e.g. re-acceleration aipieul

rates compared to previous estimates. The observations vaak shocks - see Pittard & Dougherty (2006) and references

be matched well using a model with an initial post-shodherein for further discussion of these points. Furtheryesis

electron-to-ion temperature ratio @f; = Te/Tlo = 0.1, will be required to assess the acceleration mechanism ire mor

and mass-loss rates M; = 6.5x 107 My yrtandM, = detail.
7.5x10"" Mg, yr 1. An examination of X-ray spectra reveals

the models to marginally over-estimate the observed flux WOV&edglem?ﬂtSf t\éVe thank tThhf? referee fﬁfha Useft(ljl report that hﬁ!pﬁd to im-
both the lowest and highest energies. et developed by ihe DOE supporied ABance Cente for Astrophysical
— Both t_he X-ray and radio emission are essentla”y VIEWINEL ermonuclear Flashes at the University of Chicago. Y. ldnks FNRS and
angle independent. PRODEX for funding.
— The results of a detailed radio model parameter space ex-
ploration forZ, ¢g, andp show that models which assume
equipartition between the magnetic field and relatividéce References

tron energy densities (= £ = {el) fail to repr_o_du_ce the Anders, E. & Grevesse, N. 1989, Geochim. Cosmochim. Actal 83
observations, even when the slope of the relativistic Bdect axford, w. I, Leer, E., & Skadron, G. 1977, International sbuic Ray
distribution is allowed to vary in the ranged p < 2 (see  Conference, 11, 132

§ 6.2). The agreement of the models with observations irRell. A. R. 1978, MNRAS, 182, 147

At i ell, A. R. & Lucek, S. G. 2001, MNRAS, 321, 433
proves when equipartition is relaxed. However, models-of enagiia, P. & Romero, G. E. 2003, AGA, 399, 1121

guably similar fit-quality are produced by contrasting SEtS geyger, M. J. & Oliger, J. 1989, Journal of Computational s, 53, 484
parameters, namelye > (g andfrel < ¢g. Example values Blandford, R. D. & Ostriker, J. P. 1978, ApJ, 221, L29

that provide reasonable fits afig, = 0.15,/p = 5x 107, Blasi, P. 2013, A&A Rev., 21, 70
andp = 1.6, and,é’rel = 3x 10—4, s =05, andp =1.2. Blomme, R., De Becker, M., Volpi, D., & Rauw, G. 2010, A&A, 518111

. . lomme, R., Nazé, Y., Volpi, D., et al. 2013, A&A, 550, A90
— The radio calculations for Cyg OB2#9 show that norEIomme, R. & \olpi, D. 2014, AGA. 561, A18

the_rmal emisgion clearly. do_minates over 'ghe thermal contHorkowski, K. J., Sarazin, C. L., & Blondin, J. M. 1994, Ap28} 710
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