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1. IntrodutionThe `standard model' of extragalati lassial doubleradio soures by Sheuer (1974) explains these souresas twin jets emerging from the Ative Galati Nuleus(AGN) and impinging on the surrounding gas. The om-pat, high surfae brightness regions or hot spots at theend of the jets are interpreted as the sites of the intera-tion between the jets and the environment. After passingthrough the hot spot region, the jet material in�ates theradio lobes or ooon whih is observed as di�use emissionin between the hot spots and the soure ore (e.g. Muxlow& Garrington 1991 and referenes therein). This pitureforms the basis of virtually all more reent attempts atmodeling the dynamis and radio emission properties ofpowerful radio galaxies and radio-loud quasars (Begelman& Cio� 1989, Falle 1991, Daly 1994, Nath 1995, Kaiser &Alexander 1997, Chy»y 1997, Kaiser et al. 1997, Blundellet al. 1999).These models for the evolution of individual lassialdoubles or FRII-type objets (Fanaro� & Riley 1974) anbe used to study the osmologial evolution of the pop-ulation as a whole. One of the more important trends isthe apparent derease of the mean linear size of the radiostrutures with inreasing redshift (see Neeser et al. 1995and referenes therein).Two reent attempts in fully explaining the linear size� redshift anti-orrelation were presented by Blundell etal. (1999) and Kaiser & Alexander (1999a). Blundell et al.argue that a spei� form of pre-aging of the relativistipartile population in the hot spots in onnetion with thelower �ux limit of omplete observed samples auses thisanti-orrelation (the so-alled youth-redshift degeneray,Blundell et al. 1999, Blundell & Rawlings 1999). Alter-natively, Kaiser & Alexander propose that the apparentsmaller sizes of radio soures at high redshift ould beaused by a denser environment of these objets at highredshift. Clearly, the evolution or non-evolution of the ra-dio soure environments is of great interest to deide thisand other important osmologial questions.Various methods have been employed in determiningthe properties of the radio soure environments. X-ray ob-



2 C. R. Kaiser: Environments and ages of radio souresservations of the hot gas around radio soures in lustersyield diret estimates of the gas density (Crawford et al.1999, Hardastle & Worrall 1999). However, suh studiesare at present on�ned to objets at low redshifts. Fur-thermore, the AGN (e.g. Sambruna et al. 1999) and thelarge-sale radio struture ontribute to the X-ray emis-sion (Brunetti et al. 1999, Kaiser & Alexander 1999b, Set.6). The properties of the density distribution inferred fromX-ray observations may therefore be onsiderably in�u-ened by the presene of the radio soure itself.Faraday rotation of the polarisation angle of the syn-hrotron emission and the related depolarisation an beused to determine the gas density of the material sur-rounding the radio lobes (e.g. Garrington et al. 1988,Laing 1988). Unfortunately, this method does not providea diret measure of the gas density as the rotation mea-sure also depends on the strength of the magneti �eld inthe soure environment. Usually it is not possible to breakthis degeneray beause the strength of the magneti �eldis only poorly known.Constraints on the density of the radio soure environ-ments also ome from optial or infrared galaxy ountsaround the host galaxies (e.g. Hill & Lilly 1991). It is notstraightforward to deide whether galaxies in the �eld ofthe radio soure host are assoiated or hane bakgroundobjets. Resolving the ambiguity would ideally require thespetrosopi measurement of the redshifts of all objetsin question. This is very time onsuming. In any ase, themethod provides only indiret onstraints on the gas den-sity around the radio soure as this has to be inferred fromomparison with low redshift lusters or groups of similarrihness.The ages of powerful radio soures an in priniple bedetermined from their radio spetrum (e.g. Alexander &Leahy 1987). The various energy losses of the relativistipartiles depend on time and so the shape of the radiospetrum ontains an enoded history of the soure. Inpratie the time-dependene of the energy losses ompli-ates the estimation of the spetral age beause di�erentparts of the soure have di�erent ages. Even when radiomaps at various frequenies whih fully resolve the radiolobes are used, it is di�ult to disentangle the e�ets ofthe various loss mehanisms and possible bulk bak�owof the ooon material along the jet (e.g. Rudnik et al.1994).The model developed in this paper aims at traing theindividual evolution of parts of the ooon and therebyproviding more aurate estimates for the soure age. Atthe same time the model also onstrains the density in thesoure environment and other parameters like the energytransport rate of the jets. It is solely based on radio obser-vations whih are available for a large number of objets,even at high redshift. This model may therefore provide animportant step in determining the osmologial evolutionof the FRII radio soure population.

In Set. 2 I show that di�usion of relativisti partilesin the ooons of FRII-type objets should not signi�-antly hange the energy distribution of partiles. In Set.3 the dynamial model of Kaiser & Alexander (1997, here-after KA) and its extension by Kaiser et al. (1997, here-after KDA) to inlude synhrotron emission are brie�ysummarised. A 3-dimensional model of the synhrotronemissivity of the ooon based on this analysis is on-struted in Sets. 3.3 and 3.4. Methods for omparing themodel preditions with observations are developed in Set.4. The degeneray of model parameters resulting from theomparison method is also disussed here. The model isthen applied to three FRII-type radio soures, Cygnus A,3C 219 and 3C 215, in Set. 5. The results are disussedin Set. 6. The main onlusions are summarised in Set.7. Throughout this paper I use Ho = 50 km s−1 Mp−1and qo = 0.2. Comparison to spetral aging methodsThe age of extragalati radio soures an be estimatedby the use of spetral aging arguments. This method re-lies on the determination of the break in the radio spe-trum aused by the time-dependent energy losses of therelativisti eletrons within the ooon (e.g. Alexander &Leahy 1987). At frequenies higher than the break fre-queny, νb, the spetrum signi�antly steepens due to theradiative energy losses of the eletrons. The spetral age ofa eletron population, tsa, with observed break frequeny
νb within a magneti �eld of strength B whih does notvary in time is proportional to B−3/2ν

−1/2
b . Despite theimpliation of soure dynamis that the magneti �elddoes vary in time, the onstant �eld relation is usuallyused in determining the spetral age of a given soure.In general the strength of the magneti �eld will dereasewhile the soure expands and so tsa will be an overestimateof the true soure age, t. However, beause of variations ofthe magneti �eld in the ooon and the bak�ow of gasin this region, tsa is usually found to be lower than thedynamial ages inferred from the advane speed of theooon by various methods (Alexander & Leahy 1987).The model presented in the following an be viewed asan extension of the spetral aging formalism. Within theooon it traes the evolution of the loal magneti �eld intime. This allows the aurate determination of the energydistribution funtion of the relativisti partile populationand thus the emitted spetrum at a given loation alongthe ooon. It is therefore not surprising that the modelpredits an older age for Cygnus A (see Set. 4) than thelassial spetral index analysis of Carilli et al. (1991).The ombination of a dynamial model with the auratetreatment of the loal evolution within the ooon of theradio emission properties implies that the spetral anddynamial ages are idential.



C. R. Kaiser: Environments and ages of radio soures 32.1. Di�usion of relativisti partilesIn the ontext of spetral aging methods other proesseshanging the energy distribution of the relativisti ele-trons and thus invalidating the age estimates have beenput forward. These are summarised and disussed byBlundell & Rawlings (2000). They show that most of theseproesses are rather ine�ient and will not strongly in-�uene spetral aging methods or the model disussedhere. However, Blundell & Rawlings (2000) laim thatthe anomalous di�usion mehanism of Rehester & Rosen-bluth (1978) an lead to very fast di�usion of relativistipartiles through the tangled magneti �eld in the ooon.So muh so that the radio spetra observed at any pointalong the ooon essentially arise from the eletrons ael-erated by the jet shok at the hot spot within the last 106years of the observation. This would imply that no infor-mation on the soure age an be derived from the spatialproperties of the observed emission. Support for a univer-sal partile energy spetrum may ome from the interpre-tation of observations of Cygnus A by Katz-Stone et al.(1993), Rudnik et al. (1994) and Katz-Stone & Rudnik(1994). They �nd that a single, non-power law spetrumshifted in frequeny by the loal strength of the magneti�eld is emitted by all parts of the lobes of Cygnus A. Notehowever, that the spetral shape they �nd may be ausedby the free-free absorption in our own galaxy of the emis-sion of Cygnus A at low frequenies (Carilli et al. 1991. Inthis ase, the universal spetrum is simply explained byshifting an aging energy spetrum of relativisti partileswhih is not a single power law. Alternatively, hanges inthe strength of the magneti �eld along a given line of sightmay also introdue additional urvature in the observedspetrum (Rudnik et al. 1994). The mentioned interpre-tation of the radio observations of Cygnus A in itself istherefore no proof of e�ient di�usion ating in the lobesof radio galaxies.In the appendix I show that anomalous di�usion isprobably muh less e�etive in the ooon plasma as pre-viously thought. In general we do not observe any signa-ture for di�usion losses of the ooons of radio souresand so di�usion will not alter the distribution of relativis-ti partiles within the ooon. This allows us to use thespatial distribution of the synhrotron radio emission ofFRII soures to infer their age. The model developed inthe following an be viewed as an extension to the las-sial spetral aging methods in that it takes into aountthe evolution of the magneti �eld in the lobe.3. The modelIn this Set. I brie�y summarise the dynamial and radia-tive model that form the basis for the extended treatmentpresented in this paper. Following this the presription forthe spatial distribution of the synhrotron emission withinthe radio lobes is developed.

3.1. The dynamial modelThe large sale struture of radio galaxies and radio-loudquasars of type FRII is formed by twin jets emanatingfrom the entral AGN buried inside the nuleus of thehost galaxy. The jets propagate into opposite diretionsfrom the ore of the soure. They end in strong jet shoksand, after passing through these shok, the jet materialin�ates the ooon surrounding the jets. The ooon isoverpressured with respet to the ambient medium andtherefore drives strong bow shoks into this material.Falle (1991) and KA showed that the expansion of thebow shok and the ooon should be self-similar whih issupported by observations (e.g. Leahy & Williams 1984,Leahy et al. 1989, Blak 1992). In these models the densitydistribution of the material the radio soure is expandinginto is approximated by a power law, ρx = ρo(r/ao)
−β ,where r is the radial distane from the soure entre and

ao is the ore radius of the density distribution. X-rayobservations of groups and lusters of galaxies show thatthe density of the hot gas in these strutures is often dis-tributed aording to (e.g. Sarazin 1988)
ρx =

ρo
[

1 + (r/ao)
2
]3β′/2

. (1)Outside a few ore radii, ao, the power law assumed abovewith β = 3β′ provides an adequate �t to Eq. (1). Even forsmaller distanes r good power law approximations anbe found by adjusting β and ρo (e.g. Kaiser & Alexander1999a).In the model of KA it is also assumed that the rate atwhih energy is transported along eah jet, Qo, is onstantand that the jets are in pressure equilibrium with theirown ooon. The very high sound speed within the ooonresults in a pratially uniform pressure within this regionapart from the tip of the ooon. The pressure in this`hot spot' region, named for the very strong radio emissionoriginating in the shok at the end of the jets, is somewhathigher as the ooon material injeted by the jets at thesepoints is not yet in pressure equilibrium with the rest ofthe ooon.In the following I will onentrate on only one jet andthe half of the ooon it is ontained in. From KA I takethe expressions for the evolution of the uniform ooonpressure,
pc =

18c
2(5−β)/3
1

(Γx + 1) (5 − β)
2
Phc

(

ρoa
β
oQ2

o

)1/3
L

(−4−β)/3
j , (2)and that of the physial length of the jet,

Lj = c1

(

Qo

ρoa
β
o

)1/(5−β)

t3/(5−β). (3)Here, Γx is the ratio of spei� heats of the gas surroundingthe radio soure, t is the age of the jet �ow and c1 is a



4 C. R. Kaiser: Environments and ages of radio souresdimensionless onstant. The ratio, Phc, of the pressure inthe hot spot region and pc is onstant in the model of KA.KDA extend the model of KA to inlude the syn-hrotron emission of the ooon. This is done by splittingup the ooon into small volume elements, δVc, the evo-lution of whih is then followed individually. By assumingthat these elements are injeted by the jet into the hotspot region at time ti during a short time interval δti andthen beome part of the ooon, KDA �nd
δVc =

(Γc − 1)Qo

pc (ti)
(Phc)

(1−Γc)/Γc

(

t

ti

)c4

δti, (4)where Γc is the ratio of spei� heats for the ooon mate-rial and c4 = (4 + β) / [Γc (5 − β)]. Beause the expansionof the ooon is self-similar we an set for the volume ofthe total volume of the ooon, following the notation ofKA, Vc = c3L
3
j , where c3 is a dimensionless onstant anddepends on the geometri shape of the ooon. In order toensure self-onsisteny the integration of Eq. (4) over theinjetion time from ti = 0 to ti = t must be equal to thetotal ooon volume Vc. Substituting Eq. (3) for Lj thenyields

c1 =

[

P
1/Γc

hc

Γc (Γc − 1) (Γx + 1) (5 − β)
3

18c3 (9Γc − 4 − β)

]1/(5−β)

. (5)Note, that this expression for c1 is di�erent from the onegiven by KA. In their analysis they used the expressionfor onservation of energy for the entire ooon
dUc =

1

Γc − 1
[d (pcVc) + d (phVh)] = Qodt, (6)where Vh is the volume of the hot spot region with pres-sure ph. KA then used the simplifying assumption that theooon has a ylindrial geometry, the expansion of whihis governed along the jet axis by ph while its growth per-pendiular to this diretion is driven by pc. This implies

ph/pc = Phc = 4R2
T, where RT is the ratio of the length ofone jet and the full width of the assoiated lobe halfwaydown the jet. Kaiser & Alexander (1999b) subsequentlyderived empirial �tting formulae for Phc as funtions of

β and RT from an analysis of the �ow of shoked gas be-tween the bow shok and the ooon. Their results showedthat the original approximation tends to overestimate thevalue of Phc. In the following I use a generalised empirial�tting formula based on their result and further alula-tions with additional values of β,
Phc = (2.14 − 0.52β)R2.04−0.25β

T . (7)In order to satisfy Eqs. (5) and (6) I now generalise theapproah of KA by setting d (phVh) = fd (pcVc). Beauseof the self-similar expansion of the ooon f is a onstantand will depend on the ratio Phc. The strit separation ofthe ooon material into the hot spot region and the restof the ooon with two distintly di�erent values of the

respetive pressure within these regions is of ourse arti�-ial. In the ooons of real FRII objets the transition ofjet material from hot spot to ooon will be aomplishedin a ontinuous hydrodynamial �ow along a pressure gra-dient muh smoother than the sudden hange from ph to
pc desribed here. However, a detailed model of this �owis beyond the sope of this paper and for simpliity I willuse the assumption of a strit spatial separation in the fol-lowing. As the two ooon regions are in physial ontatwith eah other, f may beome negative as the expansionof one region may in�uene the evolution of the other.Substituting Eqs. (2) and (3) into Eq. (6) gives
f =

P
(Γc−1)/Γc

hc − Γc

ΓcPhc
.3.2. Synhrotron emissionThe ooon volume elements δVc are �lled with a mag-netised plasma and a population of relativisti eletronsaelerated at the shok terminating the jet �ow at thehot spot. They therefore emit synhrotron radio radiation.In optially thin onditions the monohromati luminos-ity due to this proess an be alulated by folding theemissivity of single eletrons with their energy distribu-tion (e.g. Shu 1991).Following KDA I assume that the initial energy dis-tribution of the relativisti eletrons as they leave the a-eleration region of the hot spot follows a power law withexponent −p between γ = 1 and γ = γmax. The eletronsare subjet to energy losses due to the adiabati expansionof δVc, the emission of synhrotron radiation and inverseCompton sattering of the CMB. For a given volume ele-ment at time t that was injeted into the ooon at time

ti these losses result in an energy distribution (see KDA)
n′ (x) = no (ti)

(

2ν

3νLx

)−p/2 (
ti
t

)c4(p+2)/3

×
(

1 − c5

√

2ν

3νLx

)p−2

, (8)with
c5 =

4σT

3mec
t

×
{

uB

c6

[

1 −
(

ti
t

)c6
]

+
ucmb (z)

c7

[

1 −
(

ti
t

)c7
]}

, (9)where ucmb (z) is the energy density of the CMB radiation�eld at the soure redshift z and me is the rest mass of aneletron. Here I have used c6 = 1−c4 (ΓB + 1/3) and c7 =
1−c4/3. The normalisation of the energy spetrum, no(ti),is given by integrating the initial power law distributionover the entire energy range
no(ti) =

ue(ti)

mec2

×
[

1

2 − p

(

γ2−p
max − 1

)

−
1

1 − p

(

γ1−p
max − 1

)

]−1

, (10)



C. R. Kaiser: Environments and ages of radio soures 5or, for p = 2,
no(ti) =

ue(ti)

mec2

[

log (γmax) +

(

1

γmax
− 1

)]−1

, (11)where ue is the total energy density of the relativisti par-tile distribution. At time ti I set uB(ti)/ue(ti) = r andfor simpliity pc(ti) = (Γc − 1)[uB(ti) + ue(ti)]. In thefollowing I assume that the minimum energy ondition(e.g. Miley 1980) is initially ful�lled in eah volume ele-ment δVc and therefore r = (p + 1)/4. From Eqs. (2) and(3) it follows that pc (ti) = pc (t) (t/ti)
c4Γc and with theassumption of ompletely tangled magneti �elds I �nd

uB (t) = uB (ti) (t/ti)
c4ΓB (see also KA). With this the setof equations desribing the radio synhrotron emissivity,

ǫν = Pν/δV c, of a given volume element injeted into theooon at time ti only depends on the present value ofthe pressure in the ooon, pc (t), and the age of the radiosoure, t.3.3. Spatial distribution of the emissionSo far the ooon volume elements δVc were only hara-terised by their injetion time into the ooon, ti. Fromthe analysis above it is not possible to deide where theyare loated spatially in the ooon.From the above analysis it is lear that the radio spe-trum emitted by a given ooon volume element dependson the `energy loss history' of this part of the ooon. Adi-abati losses only hange the normalisation of the emittedspetrum while its slope at a given frequeny is governedby the radiative loss proesses of the relativisti eletrons.In the model desribed above the strength of the mag-neti �eld whih determines the magnitude of synhrotronlosses is tied to the pressure in the ooon, pc. The valueof pc in turn depends on the energy transport rate of thejet, Qo, and a ombination of parameters desribing thedensity distribution of the gas the ooon is expandinginto, ρoa
β
o . In the analytial senario presented here thevolume elements are the building bloks of the ooon andthe variation of the radio surfae brightness of the ooonof an FRII along its major axis an therefore potentiallyprovide information on the properties of the soure envi-ronment. For this I now identify the ooon volume ele-ments δVc with in�nitesimally thin ylindrial slies withtheir radius, r, perpendiular to the jet axis. A similarapproah is used in the model of Chy»y (1997). However,in this model the dynamial evolution and the radio lu-minosity of the entire ooon depend on the geometrialshape and evolution of the volume elements. In the modelof KA and KDA this is not the ase and the identi�ationof the δVc with a spei� geometrial shape does not altertheir results.The volume of a thin ylindrial slie of the ooon isgiven by δVc = πr2

cδz, where δz is the very small thiknessof the slie along the jet axis. The radius of the slies, rc,

Table 1. Typial value ranges for the dimensionless on-stants in the dynamial model. This assumes 0 ≤ β ≤ 2and 1.3 ≤ RT ≤ 6 (e.g. Leahy & Williams 1984).
c1 c3 c4 c6 c7

[1.6, 6.0] [0.01, 0.3] [0.6, 1.5] [−1.5, 0.0] [0.5, 0.8]depends on their position along the jet axis, l, whih Ide�ne in units of Lj, the length of one half of the entireooon (see Set. 3.1). The outer edges of the slies formthe ooon boundary or ontat disontinuity. Most FRIIsoures have ooons of a relatively undistorted, ellipsoidalshape (e.g. Leahy et al. 1989). I therefore parameterise theooon boundary as
rc = αo (1 − lα1)

α2 , (12)where αo, α1 and α2 an be determined from radio obser-vations of the ooon.Following the observational results of Leahy &Williams (1984) and Leahy et al. (1989) KA and KDAused the aspet ratio, RT, to haraterise the geometrialshape of the ooons of FRII soures. This ratio is de�nedas the length of one side of the ooon measured from theradio ore to the ooon tip divided by its width mea-sured half-way along this line. Using this de�nition it isstraightforward to express αo in terms of RT as
αo =

Lj

2RT

[

1 −
(

1

2

)α1
]−α2

. (13)The dimensionless volume onstant c3 now beomes
c3 = π

α2
o

L2
j

∫ 1

0

(1 − lα1)2α2 dl

= π
α2

o

α1L2
j

B (2α2 + 1; 1/α1) , (14)where B(µ; ν) is the omplete Beta-funtion.Tab. 1 shows typial values for the dimensionless on-stants in the model.3.4. Bak�owThe ylindrial slies are injeted into the ooon at a time
ti. For simpliity I assume that the slies remain and thusmove within the ooon as entities afterwards. In otherwords, I neglet any mixing of material between slies andI also assume that the geometrial shape of the slies doesnot deviate from the initial thin ylinders. Numerial sim-ulations (e.g. Falle 1994) show that the gas �ow in theooon is rather turbulent, at least lose to the hot spotregion. It is likely that large-sale turbulent mixing in theooon leads to large distortions of the projeted ooon



6 C. R. Kaiser: Environments and ages of radio souresshape as seen in radio observations. In this ase, the reg-ular ooon shape desribed by Eq. (12) will be a poorrepresentation of the `true' ooon shape. For suh dis-torted soures it is unlikely that the model presented herewill provide a good desription. However, the simple pi-ture of ylindrial slies may still represent the `average'behaviour of the gas �ow in more regularly shaped ooonsrather well.The model is designed to onstrain soure and envi-ronment parameters using mainly the gradient of the ra-dio surfae brightness along the ooon. Problems withthis simpli�ed model will therefore arise if the relativistieletrons in the ooon are distributed e�iently by dif-fusion. In Set. 6 I show that the di�usion of relativistipartiles is unlikely to hange their distribution on largesales. It is therefore reasonable to assume that the rel-ativisti partiles are e�etively tied to the ooon sliethey were originally injeted into.Numerial simulations of the large sale struture ofFRII soures strongly suggest that a bak�ow of materialalong the jet axis is established within the ooon (e.g.Norman et al. 1982). The model desribing the soure dy-namis predits the growth of the ooon to be self-similarand therefore the bak�ow within the ooon should beself-similar as well. This suggests that the position of aslie of ooon material injeted into the ooon at time
ti is given by l = (ti/t)

α3 , where α3 governs the veloityof the bak�ow at a given position along the ooon. Inorder for the model to be self-onsistent, all δVc have toadd up to the total volume of the ooon, Vc. Using Eqs.(2), (4), (5), (13) and (14) and replaing ti/t by l1/α3 ≡ xan impliit Eq. for α3 an be found from this integration;
α1Γc (5 − β)

(9Γc − 4 − β)
B (2α2 + 1; 1/α1)

−1

=

∫ 1

0

xc4(Γc−1) (1 − xα1α3)
−2α2 dx (15)

=
1

α1α3
B (1 − 2α2; [c4 (Γc − 1) + 1] / (α1α3)) .Note that this expression requires 0 < α2 < 1/4 and gives

α3 ≥ 0. For the values of the shape parameters used inSet. 5 (α1 = 2 and α2 = 1/3) and β = 1.5 I �nd α3 ∼ 4.7.Note that α3 → ∞ for α2 → 1/4.The bak�ow veloity within the ooon is given by
vback = l

(

1 −
5 − β

3
α3

)

L̇j, (16)where a dot denotes a time derivative. In the rest frameof the host galaxy the bak�ow is observed to �ow in thediretion of the soure ore for vback ≤ 0. For vback = 0 theooon material is stationary in this frame and for positivevalues the bak�ow is stritly speaking not a `bak�ow'but trailing after the advaning hot spot.

The bak�ow is fastest just behind the hot spot anddeelerates along the ooon. The deeleration implies apressure gradient along the ooon whih may seriouslyviolate the assumption made for the dynamial model ofa onstant pressure throughout the ooon away from thehot spots. To estimate the magnitude of the pressure gra-dient I use Euler's equation
dvback

dt
= −

1

ρc

dp (l)

Ljdl
. (17)The density of the ooon material, ρc, is given by

ρc =
Qoδti

(γj − 1) c2δVc

=
pc (ti)

(γj − 1) (Γc − 1) c2
P

(Γc−1)/Γc

hc lc4/α3 , (18)where I assumed that the entire energy in the jet is trans-ported in the form of kineti energy of the �ow with a bulkveloity orresponding to the Lorentz fator γj. With this,it is straightforward with the help of Eq. (16) to integrateEq. (17) whih yields the pressure along the ooon as afuntion of l;
p (l)

pc
= 1 −

(α′
3 − 1) (3α′

3 + 2 − β) P
(Γc−1)/Γc

hc

3 (γj − 1) (Γc − 1) [2 + c4/α3 (1 − Γc)]

×

(

L̇j

c

)2

l2+c4/α3(1−Γc), (19)where α′
3 = (5 − β)α3/3 and I have used the ondition

p(0) = pc. The mean advane speed of the ooon ofan FRII soure, L̇j, is inferred from observations of lobeasymmetries to be in the range from 0.05  (Sheuer 1995)to 0.1  (Arshakian & Longair 2000). This is in good agree-ment with the preditions of the dynamial model usedhere (see KA). The ratio Phc is usually of order 5 (see Eq.7) and so even for only mildly relativisti bulk �ow in thejet (γj ∼ 2) and large gradients in the bak�ow veloity,e.g. α3 ∼ 10, Eq. (19) predits 0.28 ≤ p (l) /pc ≤ 1.0. Notethat for γj = 5 the lower limit of this ratio inreases to0.82.From this I onlude that the existene of a pressuregradient along the jet within the ooon is required todeelerate the bak�ow of the ooon material. However,the pressure varies only by a fator of a few at most alongthe entire length of the ooon. This implies that withinthis limit the model is self-onsistent.4. Comparison with observationsThe model presented here depends on a large numberof parameters. I assume that eah volume element onlyontains the relativisti partile population and therefore
Γc = ΓB = 4/3. The other model parameters an beroughly grouped into



C. R. Kaiser: Environments and ages of radio soures 7� geometrial parameters: the onstants desribing theooon shape α1, α2 and RT and the orientation ofthe jet axis with respet to the Line-Of-Sight (LOS),
θ,� properties of the initial energy distribution of the rel-ativisti eletrons and/or positrons: the slope of thedistribution, p, and the high energy ut-o�, γmax,� properties of the soure and its environment: the pres-sure within the ooon, pc, the age of the soure, t,and the slope of the power law density distribution ofthe environment, β.In the following I disuss the methods employed in om-paring the model preditions with observations. Usingthese methods, I will then show that beause of the natureof the model several degeneraies between model parame-ters exist. Eliminating these requires further assumptionsto be made but also redues the omplexity of the param-eter estimation.4.1. 2-dimensional omparisonA radio map of an FRII soure is omposed of pixels whihontain information on the monohromati radio surfaebrightness of the soure, Sν

(

l′i, y
′

j

), at a given position
(

l′i, y
′

j

) projeted onto the plane of the sky. Here I use theprojeted distane along the jet axis, l′, and perpendiularto the jet, y′. Both are measured in units of the projetedlength of the ooon, L′

j. In optially thin onditions gen-erally present in radio soure lobes this projetion orre-sponds to a LOS integral of the synhrotron emissivity, ǫν ,through the 3-dimensional soure at eah pixel loation.Following the analysis in Sets. 3.1 and 3.2, ǫν is only afuntion of the unprojeted dimensionless distane fromthe ore measured along the jet axis, l, for a given set ofthe eight soure and environment parameters. Using themodel desribed above, it is therefore possible to onstrut`virtual radio maps' for a given set of model parametersby projeting the 3-dimensional model onto the plane ofthe sky. Sine a radio soure is in general viewed with itsjet axis at an angle θ to the LOS, the value of l, and there-fore that of ǫν , hanges along the path of the LOS integral.Also, the distane from the ore to the tip of the ooonmeasured on an observed radio map, L′

j, is not equal tothe physial size of the ooon, Lj = L′

j/ sin θ. This, ofourse, also implies that the aspet ratio of the ooon,
R′

T, measured in the observed map is smaller than the`real' value RT = R′

T/ sin θ, i.e. radio soures appear `fat-ter' than they really are. All these projetion e�ets haveto be taken into aount when omparing virtual radiomaps resulting from these models to observations.The surfae brightness is alulated at a frequeny νwhih is given by the observing frequeny in the frame ofthe observer, ν′, and the redshift of the soure, i.e. ν = (1+
z)ν′. Finally, to aount for osmologial e�ets the result

of the LOS integration must be multiplied by (1+ z)/D2
L,where DL is the luminosity distane to the soure.The model map an be alulated at arbitrary resolu-tion. However, before omparing the result with the ob-served map it must be onvolved with the beam of theradio telesope used for the observations. This was doneassuming a 2-dimensional Gaussian shape for the telesopebeam.One a virtual map is ompiled for a set of model pa-rameters this map an be ompared pixel by pixel to amap resulting from observations of an FRII radio soureusing a χ2-tehnique,

χ2
ν =

n
∑

i

m
∑

j

[

Sν

(

l′i, y
′

j

)

− Mν

(

l′i, y
′

j

)]2

σ2
ν

. (20)Here, Sν is the measured monohromati surfae bright-ness with rms error σν and Mν is the model predition.It is then possible to �nd the best-�tting model byvarying the model parameters and thereby minimising theresulting χ2-di�erene between virtual and observed map.The minimisation routine uses a n-dimensional downhillsimplex method (Press et al. 1992), where n is the numberof model parameters to be �tted. The minimisation an bedone separately for the two halves of eah ooon sine themodel desribes one jet and the assoiated half of the o-oon. Although in priniple the minimisation an be donewith one observed map at a single observing frequeny,the onstraints on the model parameters are improved byusing two maps at two di�erent frequenies. In this asethe χ2-di�erenes resulting from the two maps are simplyadded together. In priniple this is equivalent to ompilingspetral index maps from two observed maps and ompar-ing these with the model preditions. However, using thetwo maps diretly has the advantage that pixels below therms limit in one map but not in the other are not entirelylost for the �tting proedure. Furthermore, information onthe absolute surfae brightness in a given loation is notontained in a spetral index map. The model would haveto be normalised `by hand' and the various possibilitiesto do this would lead to ambiguities in the estimation ofmodel parameters. In Se. 5 I use two individual maps attwo frequeny for eah soure.Using the best-�tting model parameters pc and t, theenergy transport rate of the jet, Qo, and the parameterombination ρoa
β
o desribing the density distribution inthe soure environment an be alulated from Eqs. (2)and (3).Preliminary results using this omparison tehniqueapplied to radio observations of Cygnus A was presentedin Kaiser (2000). In Set. 5 this analysis is extended toalso inlude 3C 219 and 3C 215.



8 C. R. Kaiser: Environments and ages of radio souresTable 2. Model parameters of the �duial model (seetext).
pc/J m−3 5 · 10−11

t/years 107

θ/degrees 60
RT 2.3
α1 2�xed parameters
α2 1/3
p 2.0

γmax 104.5

β 1.5
Lj/kpc 100

B/µG 130
Qo/W 4.3 · 1038derived parameters ρoa

β
o/kg m−1.5 8.8 · 107

L′

j/kpc 86.6
R′

T 2
α3 4.74.2. 1-dimensional omparisonThe 2-dimensional omparison method desribed in theprevious setion requires a ray-traing algorithm for theprojetion of the 3-dimensional model. For many maps ofradio soures the number of pixels are so large that thismethod an beome omputationally very expensive. Fur-thermore, for maps of lower resolution the ooon may notbe resolved in the diretion perpendiular to the jet axis.In suh maps the surfae brightness gradient along thejet axis an be extrated by taking a ut through the mapalong the line onneting the soure ore and the radio hotspot in the ooon on one side. This yields a 1-dimensionalurve of surfae brightness as a funtion of projeted dis-tane from the soure ore, Sν (l′). The o�-axis pixels willnot add muh information. The funtion Sν (l′) an thenbe ompared with the model preditions and a best-�ttingmodel may be found using two maps at two observingfrequenies as outlined in the 2-dimensional ase. This 1-dimensional omparison involves a muh smaller numberof pixels for whih a model predition must be alulatedthan the 2-dimensional method.4.3. Model parametersTo study the in�uene of the individual model parameterson the surfae brightness distribution, I de�ne a �duialmodel with a set of �xed model parameters given in Tab.2. These model parameters imply a magneti �eld justbehind the hot spot of 13 nT or 130 µG. The highest fre-queny of the emitted synhrotron spetrum is then ∼ 300GHz whih is lose to the usually assumed high frequenyut-o� in the spetrum of radio galaxies in minimum en-ergy arguments (e.g. Miley 1980). The density parameter

ρoa
β
o = 8.8 · 107 kg m−1.5 whih orresponds to a entral

Fig. 1. The in�uene of the ooon pressure on the radiosurfae brightness along the jet axis. All urves are plottedfor the parameters of the �duial model exept for a vari-ation in the ooon pressure. The relative distane fromthe ore of the soure is given in units of L′

j = 86.6 kp(see text). The surfae brightness is plotted as it wouldbe extrated by an observer from a map of a soure atredshift z = 0.1.density of 5 · 10−22 kg m−3 or 0.3 partiles per m−3 if
ao = 10 kp. I also assume that the jet of the soures is100 kp long and is viewed at an angle of θ = 60◦ to theline of sight. This implies that it would be observed tohave a length of L′

j = 86.6 kp orresponding to 31.2" ata redshift z = 0.1. For a measured R′

T = 2 the aspet ratioof the ooon is RT = 2.3 for the assumed viewing angle.For simpliity and ease of omparison I use the 1-dimensional model whih only predits the surfae bright-ness distribution along the jet axis (see previous Set.).The variation of the model preditions with varying pa-rameters for the 2-dimensional ase are essentially similarbut the di�erenes between maps are more di�ult to vi-sualise.The solid line in Fig. 1 shows Sν (l) at ν′ = 1.5 GHzassuming a pixel size of 0.3"×0.3", orresponding to 0.8kp×0.8 kp for z = 0.1, appropriate for a telesope beamof 1.2" FWHM. For simpliity and in ontrast to the 2-dimensional omparison method the averaging e�ets ofthe observing beam whih extends over four pixels on theurve was not taken into aount. In any ase, in this Set.the only interest is in gross trends of the model preditionswhen the model parameters are varied and the e�etivesmoothing of the beam on the already rather smooth urveis small. A ontinuous urve is shown, sine the pixel sizeis small ompared to the sale of the plot. The lengthof the ooon orresponds to more than 100 pixels. Aspointed out in Set. 3.2, the emission of the hot spot isnot modeled in the approah presented here. The ooonsurfae brightness shown in this and the following �guresis aused by the ooon material only after it has passed
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Fig. 2. The in�uene of the soure age on the radio surfaebrightness. All model parameters as in Fig. 1 exept for avariation in the soure age.through the hot spot region. The emission from the hotspot will in general dominate the total emission from theend of the ooon at l → 1. In a omparison with observedmaps the preditions of the model an therefore not beused in this region.Also shown in Fig. 1 are the results for the same modelwith a higher and lower ooon pressure. In the model thestrength of the magneti �eld and the energy density ofthe relativisti partiles in the ooon is tied to the o-oon pressure. A higher pressure therefore auses a higherpeak of the surfae brightness distribution. However, theinreased synhrotron energy losses of the relativisti ele-trons also lead to a stronger gradient of the distributiontowards the ore of the soure, i.e. the older parts of theooon.In Fig. 2 the e�ets of the soure age on the distri-bution of Sν (l) is shown. The population of relativistipartiles at a given relative distane, l, from the ore ofthe soure has spent more time in the ooon in an oldsoure ompared to a young soure. This implies strongerenergy losses and the peak of the surfae brightness distri-bution is therefore loated loser to the hot spot in an oldsoure. Furthermore, in an observation with a given de-tetable threshold of Sν (l) a larger fration of the ooonof a young soure will be visible than of an older soure.The same soure viewed at di�erent angles of the jetaxis to the LOS, as shown in Fig. 3, results in a salingof the surfae brightness similar to the e�ets of hang-ing the ooon pressure. Note however, that the overallnormalisation of Sν (l) depends sensitively on the valueof the ooon pressure. The e�ets of a higher pressurealso inlude a steepening of Sν (l) starting from the peakof this funtion towards the soure ore (Fig. 1). This isnot seen for variations of the viewing angle (Fig. 3). Inpratie therefore, the best-�tting values for the ooon

Fig. 3. The in�uene of the viewing angle on the radiosurfae brightness. All model parameters as in Fig. 1 ex-ept for a variation in θ. Note that the measured lengthof the ooon, L′

j, hanges from 86.6 kp for the �duialmodel to 98.5 kp for θ = 80◦ and 64.3 kp for θ = 40◦.

Fig. 4. Spetral index between 1.5 GHz and 5 GHz for the�duial model and models with varying viewing angle, θ,and slope of the initial energy spetrum of the relativistipartiles, p. All other model parameters as in Fig. 1.pressure is set mostly by the overall surfae brightness ofthe ooon while the viewing angle is mainly determinedby the behaviour of Sν (l) lose to the ore.Fig. 5 summarises the e�ets of the remaining modelparameters on the surfae brightness distribution. Chang-ing the aspet ratio of the ooon, RT, results in a salingof Sν (l) very similar to the e�ets of a hanging viewingangle, θ. Dereasing α2 leads to the end of the ooon tobeome more blunt whih in turn implies a lower value of
α3, i.e. a slower bak�ow within the ooon (Eqs. 16 and16). This is analogous to an older partile population ata given distane from the hot spot and the resulting sur-fae brightness distribution is similar to that of an older
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Fig. 5. E�ets of other model parameters on the radio sur-fae brightness. Model parameters are as in Fig. 1 unlessotherwise indiated in the legend.soure. Changing the seond shape parameter α1 has sim-ilar e�ets as that of a variation of α2 and is therefore notshown.The main e�ets of hanging the slope, p, and the highenergy ut-o� of the initial energy distribution of the rela-tivisti eletrons, γmax, is a hange in the saling of Sν (l)(see Fig. 5). This is aused by the dependene of the nor-malisation of the energy spetrum on p and γmax, Eq.(11). Both saling e�ets are similar to the e�ets of avariation of the viewing angle, θ. The e�et of a steeperenergy spetrum also auses an o�-set in the distributionof the spetral index as a funtion of l as shown in Fig. 4.However, in the ooon region losest to the soure entreand least in�uened by the hot spot emission, this e�etis small ompared to that of a variation of the viewingangle, θ.Finally, a di�erent value of the slope of the gas densitydistribution in the soure environment, β, has a negligiblee�et on Sν (l). The relevant urves for β = 1 and β = 2are indistinguishable from that for β = 1.5 shown in Figs.1 to 5.4.4. Degeneray of parametersBoth, α1 and α2, ontrol how pointed the shape of the o-oon is. The ends of the ooon are dominated by the emis-sion from the hot spots whih are not part of the model.Furthermore, if the jet diretion is not stable over the life-time of the soure, they may at times advane ahead of therest of the ooon whih distorts the ooon shape. Thishas been referred to as the `dentist drill' e�et (Sheuer1982). In the previous Set. (see also Eq. 16) it was alreadyshown that hanging α1 and/or α2 results in a hange ofthe pro�le and magnitude of the bak�ow in the ooon.This in turn auses hanges to the surfae brightness pro-

�les similar to hanges of the soure age. For these reasonsthe model annot provide strong onstraints on either ofthese parameters, at least not independent of the soureage. Therefore I set in the following α1 = 2 and α2 = 1/3.The surfae brightness distribution predited by themodel is almost independent of the slope of the densitypro�le of the external medium, β. I therefore set β = 1.5without in�uening the model results signi�antly. Notethat beause of Eq. (16) this then also implies a �xedvalue for α3 = 4.8. This may seem a rather signi�antrestrition of the model but as was shown in the previousSet. α1 or α2, through their in�uene on α3, and the ageof the soure, t, are degenerate model parameters. In theabsene of geometrial onstraints on α1 or α2, settingthem to reasonable values allows the determination of thesoure age from the �tting method. The ages derived fromthe model will therefore always depend somewhat on thehoie for the soure geometry.The slope of the initial energy distribution of the rel-ativisti partiles, p, mainly in�uenes the spetral in-dex distribution in the ooon. Observations suggest that
2 ≤ p ≤ 3 and the model is therefore restrited to valuesin this range. It follows that the model is rather insensitiveto the exat value of the high energy ut-o� of the distri-bution, γmax. A value of γmax muh smaller than the 104.5used in the �duial model will, in addition to a hangeof the overall saling, ause the emission region to shortenalong the jet axis at a given observing frequeny. However,beause the highest frequeny of the synhrotron radia-tion of the ooon, νmax, depends on γ2

max a small value ofthe high energy ut-o� also implies a signi�antly smaller
νmax. Values substantially below νmax ∼ 100 GHz, whihis assumed, here are unlikely in view of observations. Itherefore set γmax = 104.5.As was pointed out above, the e�ets of varying theinitial slope of the energy distribution of the relativistipartiles, p, are small in general. In Set. 5 the 1 and2-dimensional omparison methods are applied to obser-vations of three FRII-type radio soures. It is shown therethat in almost all ases the best-�tting model parametersfor the 2-dimensional method require p to be lose to 2.To prevent the degeneray between p and θ to in�uenethe model �ts in the 1-dimensional method whih involvesfewer degrees of freedom, I set p = 2 in this ase.Finally, the degeneray between RT, the width of theooon, and the viewing angle, θ, is resolved by determin-ing the projeted ooon width R′

T from the observed mapand use RT = R′

T/ sin θ in the model alulations.Using these additional assumptions, the number ofmodel parameters whih are �tted by omparison to theobservations dereases to four: The pressure in the ooon,
pc, the soure age, t, the viewing angle, θ, and the initialslope of the energy distribution of the relativisti partiles,
p. In the ase of the 1-dimensional omparison method pis �xed to a value of 2.



C. R. Kaiser: Environments and ages of radio soures 115. Appliation to Cygnus A, 3C 219 and 3C 215To test the model preditions for the soure environmentagainst diret X-ray observations over a range of di�er-ent viewing angles, the radio data of three di�erent FRII-type objets are used: the narrow-line radio galaxy CygnusA, the broad-line radio galaxy 3C 219 and the radio-loudquasar 3C 215. Aording to orientation-based uni�ationshemes of the various sub-lasses of radio-loud AGN (e.g.Barthel 1989), the viewing angle, θ, of Cygnus A shouldbe greater than those of 3C 219 and 3C 215. Furthermore,3C 219 and 3C 215 were seleted beause of their ratherirregular radio lobe struture. The model is based on avery regular geometrial shape of the ooon, Eq. (12),and using 3C 219 and 3C 215 it is possible to estimate towhat extent this restrition limits the appliability of themodel.Note, that results of the model �tting for Cygnus Aare presented in 8 and 9 only at one frequeny. However,the model �ts are always obtained for all soures usingtwo maps at two di�erent frequenies.5.1. Cygnus AFor this soure at z = 0.056 I used raw data from theVLA arhive at 1.8 GHz and 5 GHz. The lower frequenyobservations were made in August/September 1987 in A-array and the 5 GHz data were obtained in January 1984in B-array. A detailed analysis of these and other obser-vations of Cygnus A an be found in Carilli et al. (1991).Standard alibration and self-alibration was performedusing the software pakage AIPS. This resulted in two ra-dio maps with omparable angular resolution of 1.3" atthe two observing frequenies. The CLEAN omponentswere restored in maps with an individual pixel size of0.3"×0.3". The map at 1.8 GHz with the hot spot emis-sion removed (see below) is shown in the upper panel ofFig. 6. The rms noise in the maps is 0.03 Jy beam−1 at1.8 GHz and 0.006 Jy beam−1 at 5 GHz. All pixels in themaps with a surfae brightness below 5σ were disardedfor the 2-dimensional omparison method. In the ase ofthe 1-dimensional method only pixels below 3-σ were ne-gleted. The surfae brightness distribution along the jetaxis, Sν (l), for the 1-dimensional method was obtained forboth radio lobes along a ut from the ore of the soureto the eastern and western hot spot respetively.Sine the hot spot emission is not modeled, it has to beremoved from the maps and the 1-dimensional uts. In themaps an aperture entered on the surfae brightness peakin eah lobe and with a radius of 2.6" orresponding totwie the beam width is removed (see Fig. 6). In the west-ern lobe the bright seondary hot spot (Carilli et al. 1991)and the bright ridge onneting this hot spot with themain one are also removed. For the 1-dimensional method,the distane of the hot spot to the edge of the lobe, ∆l,was estimated as the distane of the maximum of Sν (l) to

Fig. 6. The 2-dimensional omparison method applied toCygnus A. The upper panels shows the observed map at1.8 GHz. Contours are inreasing linearly in steps of 0.43Jy beam−1, starting at 0.14 Jy beam−1, the 5-σ noise level,to a peak just above 3 Jy beam−1. The map is rotated byabout 20◦ lokwise ompared to the true position angle.The lower panel shows the χ2-deviation of the best-�ttingmodels. The �lled ontours show regions where χ2 = 0(white), 0 < χ2 ≤ 1, 1 < χ2 ≤ 2, 2 < χ2 ≤ 10, 10 < χ2 ≤
50, 50 < χ2 ≤ 100 and χ2 > 100 (blak). Note that thebest-�tting model for the eastern and western lobes arenot idential (see Table 3). The results for both lobes arepresented together for ease of omparison. The best-�ttingmodel is obtained by �tting the 1.8 GHz map presentedhere and simultaneously the 5 GHz data (see Fig. 7).the last point at whih this funtion has a value above 3σin the diretion away from the soure ore. To remove theontribution of the hot spots to Sν (l), all pixels within
2∆l of the edge of the lobe were negleted in the following1-dimensional omparison proess.The spatial resolution of the radio maps of Cygnus Ais omparatively high. The 1.3" angular resolution orre-sponds to a spatial resolution of about 1.9 kp. For manysoures, partiularly at high redshift, maps of suh highquality are not available. In order to estimate the e�etsof a lower angular and therefore lower spatial resolution,I also onvolved the two maps of Cygnus A with a Gaus-sian beam of 5" FWHM. In the ase of the 2-dimensionalmethod the radius of the aperture used to remove thehot spot emission was �xed to 5". For the 1-dimensionalmethod, the surfae brightness distribution along the jetaxis was extrated from these lower resolution maps inthe same way as in the higher resolution ase. Note that
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Fig. 7. Same as Fig. 6 but at 5 GHz. The ontour levelsin the upper panel are spaed linearly in steps of 0.12 Jybeam−1 starting at 0.03 Jy, the 5 − σ level, to 0.76 Jybeam−1. Higher ontours are omitted for larity. The χ2-ontours are as in Fig. 6.the emission of the hot spots is smeared out over a largerarea in the low resolution maps. To avoid any bias fromthe enhaned emission of the hot spot region I used thehigher value of 2∆l obtained from the low resolution mapsin both, the high and low resolution, 1-dimensional om-parison.5.1.1. The eastern lobeThe eastern lobe of Cygnus A is overed by 46.6 indepen-dent telesope beams along the jet while in the widest partthere are 22.2 beams aross. In the lower resolution mapsthese numbers derease to 12.9 and 6.1, respetively. Note,that only a fration of the lobes has an observed surfaebrightness above the rms limits, i.e. they do not extend allthe way from the hot spots to the ore in the observations.This implies that the model �ts are based on regions ov-ering less area than the theoretial extend of the ooons.For both resolutions I �nd an axial ratio, R′

T, of 2.1 atthe point where the lobe is widest from the 2-dimensionalmaps. The length of the lobe, L′

j, is 64.4" for the low res-olution map and 60.6" for the high resolution map. Thepredition of the best-�tting model in omparison with theobservations is shown in the lower panels of Figs. 6 and7 for the 2-dimensional method and in Figs. 8 and 9 forthe 1-dimensional method at 1.8 GHz. The 5 GHz data isnot shown for the 1-dimensional method but is similar tothe result at 1.8 GHz. The parameters of the best-�tting

Fig. 8. Comparison of the predited surfae brightnessdistribution along the ooon with the low resolution ob-servations of the eastern lobe of Cygnus A. The rossesshow the value of Sν (l) at 1.8 GHz along the jet axistaken from the VLA map onvolved with a 5" Gaussianbeam. The solid line shows the best-�tting model with themodel parameters given in table 3. Only data points left ofthe dashed line loated at 2∆l from the tip of the ooon(see text) were used in the �tting proedure to avoid theontribution of the hot spot. The entire observed range of
Sν (l) inluding the peak of the hot spot is shown in theinset.models are given in table 3. The errors on these and for allthe following model �ts are estimated using the boot-strapmethod (e.g. Press et al. 1992). It is not possible to al-ulate error estimates using the χ2-values derived in theminimisation proedure diretly as the values of the sur-fae brightness in neighboring pixels are not independent.Roughly 2000 data sets were reated by drawing data withreplaement from the original set. The same minimisationproedure as in the original model �tting was then appliedto them and the error given in the table is the 1σ limit onthe respetive model parameters.Even after subtrating the ontribution of the hot spotthe deviations of the model from the observations arelarge. The fat that the model �t is poorer at 5 GHz ismainly aused by the smaller rms noise of the observed 5GHz map. As expeted, the model annot �t strutureswhih appear as disrete surfae brightness enhanementsin the maps. This is partiularly lear in the ase of thebright ar seen just behind the hot spot in radio maps ofthe eastern lobe (see Figs. 6 and 7) whih also auses theseondary peak in Sν (l) at about l = 0.83 (see Fig. 9).Although onvolving the maps with a larger beam `draws'some �ux from the hot spot into the ar mentioned above,the results for the two di�erent resolutions are very simi-lar for both omparison methods. At both frequenies theobserved maps show a onentration of the radio emissiontowards the entres of both lobes. This region is also ex-



C. R. Kaiser: Environments and ages of radio soures 13Table 3. The best-�tting model parameters from the 1 and 2-dimensional omparison methods.
log
(

pc/Jm−3
)

t/106years θ/degrees p2-D −11.01+.06
−.01 14.5+2.9

−1.3 71+16
−29 2.00+.07

−.005" resolution 1-D −11.08+.04
−.02 13.8+4.0

−0.9 79+10
−18 . . .Cygnus A, eastern lobe 2-D −10.90+.02

−.05 13.8+2.5
−.9 87+3

−11 2.07+.01
−.071.3" resolution 1-D −11.07+.05

−.08 14.5+5.5
−1.3 84+6

−28 . . .2-D −10.85+.04
−.25 15.2+16.5

−1.7 75+14
−56 2.13+.04

−.135" resolution 1-D −11.01+.05
−.02 15.9+7.1

−2.4 83+7
−21 . . .Cygnus A, western lobe 2-D −10.87+.05

−.11 17.4+3.6
−2.6 82+2

−4 2.10+.06
−.11.3" resolution 1-D −11.09+.08

−.13 15.2+6.7
−2.6 79+11

−25 . . .2-D −12.12+.09
−.04 34.8+.8

−7.8 59+12
−6 2.03+.09

−.013C 219 4.3" resolution 1-D −11.91+.03
−.08 44.8+17.0

−9.2 65+24
−14 . . .2-D −12.20+.39

−.37 35.6+23.4
−22.1 31+32

−21 2.22+.28
−.223C 215 1.9" resolution 1-D −12.38+.08

−.06 38.1+9.9
−20.7 43+57

−5 . . .

Fig. 9. Comparison of the predited surfae brightnessdistribution along the ooon with the high resolution ob-servations of the eastern lobe of Cygnus A. The data istaken from the unonvolved VLA map. As in Fig. 8 thesolid line shows the best-�tting model and only data leftof the dashed line was used in the �tting proedure.tended a long way along the jet axis, partiularly in thewestern lobe (see following setion). In Figs. 6 and 7 it islear that the model annot �t this onentration prop-erly. The very smooth lobes of the model are `fatter' thanthe observed lobes further away from the hot spots and donot extend as far bak as the observations indiate. Thisis partiularly striking in the western lobe at 5 GHz (seeFig. 7). This learly illustrates the limitations of the model

assumption of a smooth shape of the ooon and a regularbak�ow within the ooon. The large unertainty of theviewing angle, θ, is aused by the model mainly depend-ing on sin θ whih hanges only by a fator 1.2 within theestimated errors. This is omparable to the unertaintiesof the other model parameters.Using Eqs. (2) and (3) The power of the jet, Qo, andthe entral value of the density distribution of the gassurrounding Cygnus A, ρo, are alulated. The results aregiven in Table 4. Here I assume that the ore radius ofthe environmental density distribution in Eq. (1) is givenby ao = 24 kp. The viewing angle θ is inferred from the�ux ratio of the jet to the ounter-jet in the two lobes ofCygnus A (Hardastle et al. 1999). This assumes that thetwo jets are idential and that the observed �ux ratio isentirely due to relativisti beaming e�ets. Furthermore,a onstant bulk veloity within the jets, vj, is assumedand set to 0.62 . Variations of vj aross the soure andasymmetries between the two jet sides will signi�antlyin�uene the estimate for θ. However, the model is onsis-tent with the estimate given by Hardastle et al. (1999).The observed entral density of soure environmentgiven in Table 4 is derived from X-ray observationsROSAT of the hot gas surrounding Cygnus A Hardas-tle & Worrall (2000). For this, the presription of Birkin-shaw & Worrall (1993) for the onversion of entral sur-fae brightness to entral proton density was used. Theore radius, ao was estimated by Hardastle & Worrall(2000) from the X-ray observations and I use their value,
ao = 24 kp, in onverting from the density parameter
ρoa

β
o given by the model to ρo. The value thus found from



14 C. R. Kaiser: Environments and ages of radio souresTable 4. Properties of the soure environment derived from the best-�tting model parameters in omparison withobservations. For the determination of ρo the ore radii of Hardastle &Worrall (2000) inferred from X-ray observationswere used. These are ao = 24 kp for Cygnus A, ao = 140 kp for 3C 219 and ao = 204 kp for 3C 215.
θ/degrees Qo/W ρo/kgm−3 ρo/cm

−32-D 71+16
−29 6.2+2.9

−.2 · 1038 1.7+1.9
−.3 · 10−23 9.9+11

−1.7 · 10−35" resolution 1-D 79+10
−18 5.3+.3

−.7 · 1038 1.3+1.1
−.1 · 10−23 7.4+6.1

−.9 · 10−3Cygnus A, eastern lobe 2-D 87+3
−11 6.5+.4

−1.3 · 1038 1.9+.6
−.3 · 10−23 1.1+.4

−.2 · 10−21.3" resolution 1-D 84+6
−28 4.2+.5

−.7 · 1038 1.4+1.6
−.4 · 10−23 8.4+9.4

−2.0 · 10−32-D 75+14
−56 1.1+.6

−.4 · 1039 2.9+22
−.6 · 10−23 1.7+13

−.4 · 10−25" resolution 1-D 83+7
−21 6.7+.5

−1.3 · 1038 2.1+2.8
−.9 · 10−23 1.2+1.7

−.5 · 10−2Cygnus A, western lobe 2-D 82+2
−4 7.3+2.1

−2.4 · 1038 3.6+.8
−.6 · 10−23 2.1+.5

−.3 · 10−21.3" resolution 1-D 79+11
−25 5.1+.7

−1.2 · 1038 1.7+2.4
−.7 · 10−23 9.8+14

−4.2 · 10−3Cygnus A observed 76 . . . 2.4 · 10−23 1.4 · 10−22-D 59+12
−6 1.6+.8

−.1 · 1038 2.9+.4
−1.3 · 10−25 1.7+.2

−.7 · 10−43C 219 4.3" resolution 1-D 65+24
−14 1.9+.1

−.3 · 1038 7.4+5.3
−3.8 · 10−25 4.3+3.2

−2.2 · 10−43C 219 observed 32 . . . 9.2 · 10−24 5.4 · 10−32-D 31+32
−21 6.7+37

−3.5 · 1038 1.5+3.0
−1.2 · 10−25 8.8+18

−7.3 · 10−53C 215 1.9" resolution 1-D 43+57
−5 3.0+.6

−.1 · 1038 8.2+6.4
−7.1 · 10−26 4.8+3.8

−4.1 · 10−53C 215 observed 32 . . . 9.6 · 10−24 5.6 · 10−3the best-�tting model agrees within the error with the X-ray observations.5.1.2. The western lobeThe western lobe of Cygnus A is overed by 53.5 indepen-dent beams along the jet and 23.2 beams at the widestpoint perpendiular to the jet. For the lower resolutionmaps I �nd 14.6 and 6.3 beams, respetively. Similar tothe eastern lobe the observed emission does not extend allthe way from the hot spot to the ore and so the model �tis based on a smaller area. From the 2-dimensional maps I�nd R′

T = 2.3 for the widest part of the lobe and the lengthof the lobe is 73.0" and 69.5" for the low and high resolu-tion ase respetively. The best-�tting models for the twodi�erent resolutions again agree well. The models yield anage for the western lobe somewhat higher than that of itseastern ounterpart (see Table 3) whih is mainly ausedby its greater length. However, the pressure within the o-oon is remarkably similar in both lobes. This implies alsogood agreement between the estimates for the jet powerand the density of the soure environment between thetwo sides of Cygnus A (Table 4).

5.2. 3C 219For 3C 219 at z = 0.1744VLA maps at 1.5 GHz in B-arrayand 4.9 GHz in C-array were used. The observations weretaken in Otober and Deember 1998 by Dennett-Thorpeet al. (in preparation) who also performed standard re-dution on the data set using AIPS. The resolution ofthe resulting maps is roughly 4.3" and the rms noise is
2.9 · 10−4 Jy beam−1 at 1.5 GHz and 4.4 · 10−5 Janskybeam−1 at 4.9 GHz. The northern lobe of 3C 219 has arather irregular shape and no lear hot spot (Clarke et al.1992). This leads to large ambiguities in the determinationof its length or the geometrial parameters needed for themodel presented here. I therefore only used the southernlobe whih has a length of 40.4" and an aspet ratio atits widest point of R′

T = 1.6. The lobe is overed by 9.4independent beams along the jet axis and by 5.9 beamsperpendiular to it. The jet and ounter-jet in 3C 219 areunusually bright and so the jet emission was removed fromthe maps of the southern lobe. For the 1-dimensional om-parison method, I extrated Sν (l) along a line o�-set by2" to the south of the line onneting the ore of the sourewith the hot spot of the southern lobe. This avoids on-



C. R. Kaiser: Environments and ages of radio soures 15tamination of the surfae brightness distribution by the jetemission. The hot spot in the southern lobe of 3C 219 issomewhat set bak from the edge of the lobe. An aperturewith a radius of 4.3", i.e. the width of the telesope beam,entered on the surfae brightness peak was removed fromthe maps. For the 1-dimensional omparison, only valuesof Sν (l) ore-wards of the hot spot were used.The parameters of the best-�tting model are given inTable 3. The unertainties of the model parameters is om-parable to those found for the two lobes of Cygnus A. Theangle to the LOS of 3C 219 is found to be smaller thanthat of Cygnus A. Sine 3C 219 is a broad line radio galaxythis is in the expeted sense, but the value of θ preditedby the model is about double that inferred from the �uxratio of the jet and ounter-jet. As mentioned above, thejets of 3C 219 are unusually bright and this may re�etsome enhaned disruption of the jet �ow by turbulene oreven a omplete restart of the jets in this soure (Clarke &Burns 1991). The latter possibility has let Shoenmakerset al. (2000) to inlude this soure among their examples ofDouble-Double Radio Galaxies (DDRG). The morphologyof these soures strongly suggests restarting jets (Kaiser etal. 2000). The large jet to ounter-jet �ux ratio of 3C 219may therefore be aused by e�ets other than relativistibeaming. The best-�tting value of θ = 65◦ is onsistentwith orientation-based uni�ation shemes.The entral density of the gas surrounding 3C 219, ρo,predited by the model is onsiderably smaller than thatinferred from X-ray observations. To derive ρo I used ao =
141 kp (Hardastle & Worrall 1999). This disrepanywill be disussed in Set. 6.5.3. 3C 215This soure is a radio-loud quasar at z = 0.411 with veryirregular morphology (Bridle et al. 1994). I obtained rawobservational data from the VLA arhive at 1.5 GHz inA-array and 4.9 GHz in B-array. The 1.5 GHz observa-tions were arried out by Miley in May 1986 while the4.9 GHz observations were taken by Hough in Deember1987. Again standard redution with AIPS was performedon the data and resulted in two maps with an angularresolution of 1.9". The maps were restored using a pixelsize of 0.3"×0.3" and the rms noise is 1.6 · 10−4 Janskybeam−1 at 1.5 GHz and 4.0 · 10−5 Jansky beam−1 at 4.9GHz. The southern half of 3C 215 is very distorted withthe jet bending in various plaes with enhaned surfaebrightness (Bridle et al. 1994). This part of the soure isnot onsistent with a regular FRII-type lobe morphologyand resembles in its outer regions an FRI-type struture.Therefore no attempt was made to apply the model to thesouthern part of the soure. The northern lobe is moreregular, however, the hot spot here is weak and the lobewidens onsiderably lose to the ore in a north-easterndiretion. The lobe has a length of 26.6" and its aspetratio R′

T at the point where the width of the lobe is great-

est is 1.2. The hot spot in the northern lobe is not loatedat the very edge of the lobe similar to the southern lobeof 3C 219. An aperture entered on the surfae bright-ness peak with a radius 3.8� orresponding to the size oftwo telesope beams was removed from the map. For the1-dimensional omparison the surfae brightness distribu-tion was extrated along a line o�-set by about 2" to theeast from the ore-hot spot diretion to avoid emissionfrom the jet. Again only pixels ore-wards from the hotspot were used in the 1-dimensional ase. The northernlobe of 3C 215 is overed by 14.0 independent beams alongthe jet and 11.7 beams at the widest point perpendiularto the jet.Parameters of the best-�tting model and the derivedproperties of the environment of 3C 215 are given in Ta-bles 3 and 4. The unertainties for the model parametersare onsiderably larger for this soure than for the two pre-vious ones. The viewing angle to the jet axis, θ, is smallerthan for Cygnus A or or 3C 219. This is again onsistentwith the preditions of uni�ation shemes as 3C 215 is aquasar. The smaller observed value is again inferred fromthe �ux ratio of the jet and ounter-jet of 3C 215 (Bri-dle et al. 1994). Similarly to 3C 219 this ratio may beinreased in 3C 215 beause of the distorted morphologyof its large sale radio struture. The southern jet doesnot seem to be embedded in a ooon and it is thereforeunlikely that the two jets are intrinsially idential. The�ux ratio probably re�ets physial proesses other thanpurely relativisti beaming.For the determination of ρo I used ao = 204 kp fromHardastle & Worrall (1999). The density of the gaseousenvironment of 3C 215 is predited to be muh lower thaninferred from X-ray observations. Disussion of this pointis deferred to Set. 6.6. Disussion6.1. 1-D versus 2-D methodIn general it is expeted that an inrease in the amountof information available to a given model �tting proe-dure should derease the unertainty in the determina-tion of the model parameters. Comparing the results ofthe 1 and 2-dimensional methods for the lobes of CygnusA one would therefore expet that the parameter uner-tainties derease for the higher resolution maps. This isindeed the ase for the 2-dimensional method, partiularlyfor the western lobe. However, the 1-dimensional methodshows the opposite. Here the unertainties are larger forthe higher resolution maps. This is aused by the attemptto �t a very smooth model for the surfae brightness toobservational data whih shows onsiderably greater lo-al variations than the model. The fat that the modelis unable to �t the loal surfae brightness struture ob-served was already noted in the previous Set.. In the 2-dimensional ase the o�-axis parts of the ooons provide



16 C. R. Kaiser: Environments and ages of radio souresadditional information and the in�uene of loal strutureis therefore to some extent averaged out in the �tting pro-edure. In other words, the 2-dimensional method is ableto make use of the larger amount of information in higherresolution maps. The 1-dimensional method is restritedto a ut through the lobe. Here, the averaging e�et ofa larger telesope beam provides for a smoother surfaedensity pro�le and the model �ts the data better.In the ase of radio maps of low resolution whih do notor only barely resolve the lobes perpendiular to the jetsalong most of their lengths, the 2-dimensional maps addlittle information to 1-dimensional uts along the lobes.In these ases the additional model parameter p in the2-dimensional method presented here allows the model to�t the data with a large range of parameter ombinations.The unertainties of the model parameters are then largerthan for the 1-dimensional method. This e�et an be seenfor 3C 215 and, to a lesser extent, for the low resolutionmaps of the western lobe of Cygnus A. It is of ourse pos-sible to �x the value of p for the 2-dimensional method aswell but this does not signi�antly improve the onstraintson the model parameters ompared to the 1-dimensionalmethod.Whih method is the best to use for a partiular set ofradio maps depends on the quality of the maps. If the ra-dio lobes are well resolved along to the jet axis as wellas perpendiular to it then the 2-dimensional methodswill provide better onstraints. However, it is omputa-tionally expensive. In the ase of poorer resolution the 2-dimensional method will not add anything to the resultsobtained from a 1-dimensional omparison. For heavilydistorted lobe strutures both methods will fail but the 1-dimensional method may still provide order of magnitudeestimates if the lobes are not entirely dominated by brightloalised struture.6.2. Determination of viewing anglesOrientation-based uni�ation shemes attempt to explainradio galaxies and radio-loud quasars as essentially thesame type of objets albeit viewed at di�erent angles tothe jet axis (Barthel 1989). The broad line radio galaxiesmay then be identi�ed as the low redshift analoga to radio-loud quasars. These uni�ation shemes imply that theviewing angle, θ, to the jet axis is greater than about 45◦for radio galaxies and smaller for quasars. Tests of thishypothesis are often inonlusive as the determination of
θ is di�ult in pratie.As desribed above, the viewing angle θ may be deter-mined from radio observations alone. However, sine themodel depends mostly on sin θ, the unertainties are largepartiularly for θ ≥ 45◦. Fortunately, the other model pa-rameters and the soure and environment properties in-ferred from these do not depend strongly on θ and itserror in this range. This agrees with the results of Wan &Daly (1998) who study the e�ets of the viewing angle on

the determination of a variety of soure properties in greatdetail. The soure orientation an only be determined a-urately if the 2-dimensional omparison method is usedon radio maps well resolved perpendiular to the jet axis.This agrees with the �ndings of Wan & Daly (1998) whouse a di�erent soure model. Despite the large unertain-ties in the model results presented here it is interestingto note that for the three soures studied the best-�ttingvalues of θ are smaller for the quasar (3C 215) and thebroad line radio galaxy (3C 219) than for the radio galaxy(Cygnus A).6.3. Environments of FRII souresAs I showed above, the model parameters of the best-�tting models an be used to infer the density parame-ter, ρoa
β
o , desribing the density distribution in the envi-ronment of FRII objets. It is impossible using just thismodel to separate this into the entral density, ρo, andthe ore radius, ao. Furthermore, the model is insensitiveto the slope, β, of the external density pro�le (see Set.4.3). To infer entral densities, values for the ore radiusand β must be taken from other observations. In Table4 ρo for the three example soures is shown for the oreradii given by Hardastle & Worrall (1999) and β = 1.5.As noted in Set. 5, the entral densities found for 3C 219and 3C 215 are inonsistent with those derived from theX-ray observations.In several studies it was found that the pressure of theFRII soure environment derived from X-ray observationsapparently exeeds the pressure inside the radio lobes (e.g.Hardastle & Worrall 2000 and referenes therein). Thedisrepany in density found here is essentially the samephenomenon in the framework of isothermal density dis-tributions for the soure environments as desribed by the

β-model, Eq. (1). All reent models for the evolution FRIIsoures, inluding the one disussed here, are based on theassumption that the ooon is overpressured with respetto its surroundings. The X-ray observations seem to on-tradit this assumption.Can the disrepanies be resolved? In the model de-sribed here I approximate the density distribution in thesoure environment, assumed to follow the β-model, bypower laws. For ooons extending well beyond the oreradius the exponent of the power law is given by β = 3β′.In the ase of Cygnus A this is justi�ed as both lobes ex-tend over more than 100 kp while ao = 24 kp. In theanalysis β = 1.5 was used whih is idential with the resultof Hardastle, β′ = 0.5. For 3C 219 and 3C 215 β′ = 0.9from the X-ray observations and in both soures the ra-dio lobes only extend to about 1.3ao. Formally the modelannot be applied to these two soures beause the under-lying dynamial model is valid only for β ≤ 2 or β′ ≤ 2/3.However, as the ooons in both soures do not extendmuh beyond the ore radius, the density distribution inthe environments of 3C 219 and 3C 215 are well repre-



C. R. Kaiser: Environments and ages of radio soures 17sented by a power law with exponent β = 1.5. In theseases ρo found from the model is not idential to the en-tral density of the β-model. From Eq. (1) it an be seenthat the latter is given by ρo

(

1 + x2
)3β′/2

= 3.8ρo, where
x is the length of the radio lobe in units of ao. This or-retion is insu�ient to make the model results onsistentwith the X-ray observations of 3C 219 and 3C 215.X-ray observations of the hot gaseous environment ofAGN are in�uened by the presene of the ative galaxy.Before the environment properties an be extrated, thebright X-ray emission of the AGN itself appearing as apoint soure must be arefully removed. In the ase ofradio-loud objets the large sale struture aused by thejets an also alter the X-ray emission of its surround-ings. The magnitude of these e�ets is di�ult to esti-mate if the X-ray observations do not fully resolve thesale of the ooon. The hot spots at the end of the jetsare strong soures of inverse Compton sattered X-rayphotons. When resolved, these inverse Compton satteredphotons are found to distort the X-ray ontours of theextended emission (Cygnus A, Carilli et al. 1994; 3C 295,Harris et al. 2000). The more extended ooon material it-self may also at as a satterer of CMB photons or of AGNemission (Brunetti et al. 1999). Finally, the bow shoksurrounding the ooon ompresses and heats the gas inthe soure environment. Kaiser & Alexander (1999b) givean estimate for the expeted X-ray luminosity from thisshoked layer of gas,
Lx ∼ 9.1 · 1013 I2
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, (21)where two typographial errors are orreted. Expressionsfor I2/a2, a1 and P/R may be found in Kaiser & Alexan-der (1999b). The square brakets mean the di�erene ofthe exponential funtion at the limits of the observingband ν1 and ν2 in the rest frame of the soure. The re-sulting X-ray luminosity an be onverted to a ROSATount rate using the internet version of PIMMS1. Forthe best-�tting model parameters for Cygnus A this im-plies that roughly 2% of all ounts of the ROSAT ob-servations presented by Hardastle & Worrall (2000) at-tributed to the entire extended emission ome from thelayer of shoked gas in between bow shok and ooon ofthis soure. For 3C 219 this region around the southernlobe alone ontributes about 10% of the relevant ounts.The ontribution of the northern lobe of 3C 215 is negli-gible (∼ 0.1%). However, in this ase at least three veryompat radio emission regions along the distorted jets aredeteted whih may be powerful inverse Compton soures1 PIMMS was programmed by K. Mukai at the High En-ergy Astrophysis Siene Arhive Researh Center of NASA,available at http://heasar.gsf.nasa.gov/Tools/w3pimms.html

(Bridle et al. 1994). Only X-ray observations resolving thesale of the radio struture in this and other soures willallow us to determine the ontribution to the total X-rayemission from suh ompat regions and hot spots.Even without detailed observations it is lear that pow-erful radio soures an ontribute signi�antly to the ex-tended X-ray emission in the entral part of their envi-ronments. Helsdon & Ponman (2000) show for the aseof loose groups of galaxies that suh an overestimate atthe entre of an X-ray surfae brightness pro�le may leadto overestimates of the ore radius and also of β′ when�tted with a β-model. Using these overestimated valuesof ao and β then yields values for ρo whih are too lowompared to the `real' entral density. An exat analysisof the magnitude of this e�et is beyond the sope of thispaper. In any ase, this e�et may explain the disrep-anies found between the two methods of estimating theentral densities and pressures of the FRII environments.7. ConlusionsIn this paper an analytial model for the surfae bright-ness distribution of the ooons of FRII-type radio souresis developed. The model is based on the self-similar modelof Kaiser & Alexander (1997, KA) and its extension byKaiser et al. (1997, KDA). The ooon is split into smallvolume elements, the temporal evolution of whih is traedindividually. These elements are then identi�ed with ylin-drial slies whih are rotationally symmetri about thejet axis. The bulk bak�ow of these slies is determinedself-onsistently from the onstraints on the ooon shape.Thus a 3-dimensional model of the synhrotron emissivityis onstruted. Projeting this along the LOS, the modelyields surfae brightness pro�les in one or two dimensionsin dependene of several model parameters. It is shownthat a number of degeneraies prevent onstraints to beplaed on all parameters. Comparatively robust estimatesan be found for the ooon pressure, pc, the soure age, t,the angle of the jet to the LOS, θ, and, if the 2-dimensionalomparison method is used, the initial slope of the energydistribution of the relativisti partiles, p.The model may be viewed as an extension of the las-sial spetral aging methods. However, it aurately takesinto aount the loss history of the relativisti partilesand the evolution of the magneti �eld in the ooon. Theage estimates derived from the model are therefore au-rate and not only lower limits. It is also shown that di�u-sion of relativisti partiles annot signi�antly distort theenergy spetrum of the relativisti partiles in the ooon.In Set. 5 the model preditions were ompared withobservational data for the three soures Cygnus A, 3C219 and 3C 215. The four free model parameters are on-strained to within at least a fator 2. The unertainties ofthe ooon pressure are remarkably small, less than 50%,while the soure ages are onstrained by the model towithin 80% or better. The errors on the viewing angle are

http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html


18 C. R. Kaiser: Environments and ages of radio soureslarge as the model mainly depends on sin θ whih hangesin the range of orientation angles found here (31◦ to 90◦)by only 52%. The unertainties in the model parameterstranslate to errors in the determination of the jet power,
Qo, and the density parameter, ρoa

β
o . However, the result-ing unertainties still allow at least order of magnitudeestimates for these quantities.The model results do not depend strongly on the res-olution of the radio observations used in the �tting pro-edure. The results for both lobes of Cygnus A derivedat 1.3" and 5" resolution are onsistent with eah otherwithin the errors. However, the unertainties in the param-eter determination inrease signi�antly with dereasingresolution. For radio maps whih barely resolve the lobesperpendiular to the jet axis, the 2-dimensional methodadds little in terms of onstraints on model parametersto the 1-dimensional method. From the examples stud-ied here it is not possible to give a �rm lower limit forthe resolution of maps used to �t with the model. How-ever, the parameter unertainties alulated here suggestthat at least 4 independent beams along the jet axis arerequired. As was pointed out in Set. 3.4, distorted lobestrutures may indiate large turbulent �ows within theooon. As the model is based on the assumption of largelynon-turbulent bak�ow it annot be used for suh irregu-lar soures.The model an be used to infer the viewing angle ofFRII-type soures to the LOS. Despite the large uner-tainties in this determination, the three soures modeledhere show the dependene of θ on the spetral type of thehost galaxies expeted from orientation-based uni�ationshemes.The entral density of the soure environments foundusing this model is onsistent with X-ray observations inthe ase of Cygnus A. In the ase of 3C 219 and 3C 215the estimates are too low. These disrepanies may stemfrom overestimates from X-ray observations of the oreradius, ao, and slope, β, of the density distributions. Theyare aused by the ontribution of the large sale struture,i.e. ooons and hot spots, of the radio soures to the X-rayemission. The, at present, insu�ient spatial resolution ofX-ray maps prevents the removal of these ontributionsbefore the determination of ao and β.The model allows the simultaneous determination of anumber of key parameters of extragalati radio soures oftype FRII. Together with the 1 and 2�dimensional om-parison methods, it is straightforward to analyse largenumbers of objets drawn from omplete samples of ex-tragalati radio soures. The quality of the radio dataneeded is only moderate and will already be available formany of the objets in question. However, the large salestruture of the objets should be reasonably regular inthe sense that large sale turbulent motion within the o-oon is unlikely. Within these limits the method an pro-vide order of magnitude estimates for the properties of thesoures and their environments. This may help to answer
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smaller than the size of the ooon, Lj. In this ase therelativisti eletrons an di�use quikly within `pathes'of oherent magneti �eld of a size rt. However, it is di�-ult for them to esape their path as this would involvedi�usion perpendiular to �eld lines. In the presene ofturbulent motion within the plasma underlying the mag-neti �eld, pathes an be strethed out and in this asethe di�usion of harged partiles into an adjaent pathbeomes more likely. Du�y et al. (1995) alulate how fara given eletrons has to travel along a �eld line in its orig-inal path before the path beomes so strethed out thatit an esape. Note here that this treatment is valid onlyin the quasi-linear regime for whih the relative ampli-tude of irregularities of the magneti �eld is muh smallerthan the ratio of the turbulent orrelation lengths perpen-diular and parallel to the loal magneti �eld. The e�-ieny of this di�usion then depends ruially on whetherthe eletron is able to travel this distane ballistially orwhether it must di�use along the �eld line. The more ef-�ient ballisti regime requires that
rg >

√
κ⊥te, (A.1)where rg is the gyro-radius of the partile in the �eld, κ⊥is the di�usion oe�ient perpendiular to the �eld and

te is the time it takes the partile to esape the path. Fora relativisti eletron moving at speed v and orrespond-ing Lorentz fator γ following Chuvilgin & Ptuskin (1993)
κ⊥ = ǫκB/ (ǫ + 1) with κB = γv2mec/ (3eB) the Bohmdi�usion oe�ient and ǫ = νcol/νg, where νcol is the rateof ollision of the partile and νg is its gyro-frequeny. Forthe assumption of Blundell & Rawlings (2000) that theoherene length of the magneti �eld is roughly 10 kpin all diretions, the inequality (A.1) yields ǫ < 7 · 10−12for a magneti �eld strength of 130 µG, appropriate forthe �duial model of Set. 4.3, and an eletron with aLorentz fator 1000. This implies that the time betweenollisions of this eletron must be greater than 2 Myr, i.e.the mean free path of the eletron is of order 600 kp.This is learly unphysial in the ase of Lj ∼ 100 kp asrelativisti partiles would then simply esape the ooonvery quikly.The relativisti eletrons in the ooon must thereforedi�use along the magneti �eld lines in between jumpsfrom one path of oherent magneti �eld to another. Theexpression of Du�y et al. (1995) for the rms di�usionlength after a time t, x, in this ase an be approximatedby
x ∼

√

−
rgct

3ǫ log
(√

2ǫ
) . (A.2)Assuming that the mean free path of the eletron is lessthan the oherene length of the magneti �eld, i.e. lessthan 10 kp, I �nd for the same magneti �eld and Lorentzfator x < 3 kp if t = 1 Myr. A signi�ant mixing ofrelativisti partiles along the ooon due to anomalousdi�usion is therefore unlikely.
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20 C. R. Kaiser: Environments and ages of radio souresA.2. Non-linear di�usionOf ourse, it may be argued that as the above analysis onlyapplies to the quasi-linear regime, the di�usion timesalein a highly turbulent �ow may be muh shorter. Considersuh a �ow to be present in the ooons of FRII-typeradio soures. In this ase, the relativisti eletrons maydi�use through the observed lobes within a time shortompared to the age of the soure. However, sine di�usionis a stohasti proess and the geometry of the ooonis elongated, most of the partiles will leave the ooonsideways and will be lost to the surrounding gas beforetraveling large distanes along the ooon. It is likely thatthe di�usion time for the relativisti partiles depends ontheir energy and so the di�usion losses, if present, willsigni�antly hange the emission spetrum whih is notobserved (e.g. Roland et al. 1990). Even in the ase ofe�ient energy independent di�usion the observed radiolobes should show di�use edges in low frequeny radiomaps. Again this is not observed (e.g. Roland et al. 1990,Blundell et al. 2000a,b).From the above it is lear that in the presene of verye�ient di�usion some speial on�nement mehanism forthe relativisti partiles in the ooon preventing their es-ape sideways is needed. This may be provided for by theompression and shearing of the tangled magneti �eld atthe edges of the ooon. This proess will align the mag-neti �eld lose to the ooon edge with this surfae andtherefore at as a kind of magneti bottle. The order thusintrodued in the originally tangled magneti �eld due tothis proess leads to an enhaned polarisation of the emit-ted radiation in this region (e.g. Laing 1980).Large volume ompression ratios are ruled out as thesound speed in the ooon is high (e.g. KA). However, fora onservative estimate onsider a volume ompression ra-tio of 10 in the sheet of ompressed material at the edgeof the ooon of a given soure. This already implies thatthe maximum theoretial value of polarisation of the syn-hrotron emission should be observed at the edge of theradio lobes (Hughes & Miller 1991). For adiabati om-pression of a tangled magneti �eld the strength of the�eld inreases by a fator of roughly 4.6. The rate of ol-lisions of a given partile is probably inreased as wellas the irregularities in the magneti �eld are also om-pressed. However, the ase of νcol = const. provides for alower limit of ǫ and so with κ⊥ = ǫκB/ (ǫ + 1) it is learthat the di�usion oe�ient within the ompressed regionperpendiular to the �eld lines dereases by a fator 25at most ompared to the inner ooon. This implies thatin a given time a relativisti partile di�uses a 5 timesshorter distane in the ompressed boundary layer om-pared to the inner regions of the ooon. To signi�antlyin�uene the time the partile remains in the ooon thisompressed layer must at the very least oupy 20% ofthe width of the ooon whih is unlikely. Note, that al-though the magneti �eld is ompressed in the boundary

layer and therefore aligned with the ooon surfae some�eld lines may still be perpendiular to this surfae. Alongthese �eld lines di�usion will be even faster allowing manyeletrons to esape the ooon.From this I onlude that di�usion, even if it is highlye�etive in the inner ooon and there exists a ompressedboundary layer along the edges of the ooon, will notalter the distribution of relativisti partiles within theooon. This allows us to use the spatial distribution of thesynhrotron radio emission of FRII soures to infer theirage. The model developed in the following an be viewedas an extension to the lassial spetral aging methods inthat it takes into aount the evolution of the magneti�eld in the lobe


