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Outline of the ThesisEven after a few deades of researh and investigations, the dynamial evolution ofpowerful radio galaxies is still far away of full understanding. The lassial dynamial approahto a desription of the interation between the "light" relativisti jets, arrying an outstandingamount of energy from the Ative Galati Nuleus (AGN) and interating with the externalgaseous environment, annot provide an unique solution for a number of detailed parametersdesribing the underlied physial proesses. The problem is that besides the observed linearsize of a soure (although projeted on the sky) that an be interpreted as a length of the jets,the above proesses result in time-dependent shape of the radio spetrum of a given soure.All existing analytial models of dynamial evolution of lassial radio soures are basedon some unertain assumptions about, for example: 1) initial power-law energy spetrum, 2)equipartition of energy between the relativisti eletrons and magneti �eld, 3) possible rea-eleration of these eletrons, 4) partiipation of protons in the energy losses. However, reentlythese models an be partly on�ned by X-ray mapping, unfortunately only for nearby and thebrightest soures. In spite of the above, the existing models su�er other severe de�ienies.All of these models assume: 1) exponential pro�le of the ambient environment (simpli�edKing's model, King 1972), whih is valid for a limited external halo and is not justi�ed forthe largest (thus old) radio galaxies, 2) ontinuous injetion of energy via the jets of onstantpower that is evidently not the ase for the observed, so alled double-double radio struturesin whih two pairs of twin lobes are observed and interpreted by a termination of the primaryjet ativity and the appearane of a new, seondary ativity.In this Thesis I address some of the above issues and modify the basi analytial modelof Kaiser, Dennet-Thorpe and Alexander, 1997 (hereafter referred to as KDA), as well asompare observed spetra of a few exemplary radio soures with preditions of both the KDAmodel and its modi�ed versions.The outline of the Thesis is as follows: Setion 1 summarize di�erent apparent morpholo-gies of radio soures and de�ne the type of soures for whih analytial models of theirdynamial evolution is onsidered here. Setion 2 outlines physial proesses resulting in theobserved morphology, brightness distribution, and spetral shape of the soures. Setion 3desribes the existing dynamial models of radio galaxy's evolution and its limitation due tothe real examples of observed radio galaxies. Setion 4 presents the appliation of originalKDA model in ase of studying the observed asymmetries of FR II type radio soures. Setion5 is dediated to the revision of the existing model, assuming that radio soures evolve intwo-media environment. Setion 6 desribes an attempt to extend the lassial KDA modelof the soure's evolution with for assumed ontinous nulear ativity to its generalization ap-pliable to the ase of soures with non-ontinous injetion of relativisti eletrons. Finally,Setion 7 presents appliation of the extended model to a few real radio galaxies with steeplybent high-frequeny spetra.



PART I1 Types of radio souresAll existing radio soures an be de�ned as elestial objets that emit rather strongradio waves. However, they are basially divided into two general ases. The �rst aseinludes all of "normal" galaxies in whih the dominant radiation in the radio domainresults from the star-formation proesses, supernovae remnants (e.g. Cassiopeia A),and the existene of louds of ionized hydrogen (HII regions). The angular extent ofthe soure in this ase does not exeed a solid angle of the optial galaxy itself. Theseond ase onsists of the galaxies with the dominant radio emission originating fromthe nulear ativity - so-alled lassial radio soures. Their optial spetra are notthe simple superpositions of the spetra of partiular stars in the galaxy, but showalso harateristi emission lines due to the high-energy proesses taking plae in theirenters. Suh a lassial radio soure has linear, elongated, so-alled "double" strutureextending usually far outside the parent galaxy.Classial radio soures had been divided by Fanaro� and Riley (1974) into twomorphologial types: FRI and FRII. This lassi�ation in based on the observed mor-phology of the large-sale radio strutures. The FRI type radio soures are brightertowards its enter, while FRII soures are the brightest at the edges or their two radiolobes. The two FR types are also broadly separated by the luminosity; FRII souresare more luminous in the radio wavelengths than FR I types. The original dividing linewas plaed at 5×1025 W Hz−1 at observing frequeny of 178 MHz. This division is dueto the e�ieny of the energy transport into the soure's radio struture - the entralengines of FRII soures supply the lobes with the energeti partiles more e�ientlythan in the FRI ase. The jets of the latter appear to be subsoni lose to the nuleusand radiate a signi�ant amount of their total energy on their way to the radio lobes.In turn, the jets in FRII soures remain relativisti on their entire length, and theso-alled hot spots visible on the ends of the radio lobes an be interpreted as the man-ifestation of supersoni shoks formed when the jet abruptly terminates enounteringthe external intergalati medium of some density and pressure.Figures (1) and (2) show arhetypes of the above two morphologies: radio galaxies3C405 (Cygnus A) of FR II type and 3C31 of FRI type. The ontent of this thesis isrelated entirely to the FRII type of radio soures.
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Figure 1: Example of FR II type radio soure: Cygnus A radio map at 5 GHz (VLA). Imageourtesy of NRAO/AUI.

Figure 2: Example of FR I type radio soure: 3C31 radio map at 5 GHz (VLA). Imageourtesy of NRAO/AUI.
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1.1 FRII type radio souresFR II type radio soures are omposed of double, ellipsoidal, radio-emitting regions(so-alled radio lobes) situated more or less symmetrially on the both sides of theirhost galaxies whih in most ases are large elliptial galaxies ontaining super massiveblak holes (SMBH) of masses 106 − 109M⊙ in their enter. These lobe strutures areoriginated from twin jets out�owing in opposite diretions from the Ative GalatiNuleus (hereafter referred to as AGN). The radio emission of these lobes results fromthe eletrons ejeted at nearly the speed of light through a long jet from the ore of thegalaxy and deposited in radio lobes. The eletrons are trapped by the magneti �eldaround the galaxy and produe radio waves. In most of the powerful observed FR IIsoures their jets end in signi�antly brighter regions situated at the ends of the lobes- hot spots learly seen in Figure (1).The most famous example of FR II type radio soures is Cygnus A. It has beendisovered by Grote Reber in 1939. Cygnus A is one of the strongest radio soures seenfrom the Earth and, along with Cassiopeia A and Puppis A, had been the �rst radiosoure identi�ed with optial soure (Baade and Minkowski, 1954) and, so, the �rsteven observed lassial radio galaxy.1.2 Size of FR II type radio soures from Gigahertz-Peaked-Spetrum Soures to Giant Radio GalaxiesFRII type radio galaxies show a large variety of their linear sizes. The size of radiogalaxies is de�ned here as the linear distane between the bright edges of the both radiolobes. These sizes range from less then 100 p - Gigahertz-Peaked-Spetrum (GPS)soures up to about 4 Mp - Giant Radio Galaxies (GRG). Between these extremeases we observe a lot of medium size radio galaxies. Their typial size is about 100to 400 kp. In general, this size is dependent of the age of the soure - the older it is,the more time the jets had to at forming a large radio struture. On the other side,the soure's large size may result from the loally ourred low density of the ambientmedium in whih the soure evolves (f. Setion 3.1).GPS soures have a maximum of �ux density in their radio spetra at about 1 GHzand linear sizes not exeeding 1 kp. They are onsidered to be young, reently formedsoures. Several studies show that they probably expand during their time evolutionand transform to Compat Steep Spetrum (CSS) soures with linear sizes of about10 - 15 kp. Then, in a next stage of the evolution, they transform into the phase oftypial FR I of FR II type radio soure. In a spei� ondition they an evolve to theultimate phase, i.e. GRGs. They are de�ned as radio soures with linear sizes of at least1 megaparse (for a �xed Hubble Constant H0=0.71 km s−1Mpc−1 and the osmologialparameters Ωm = 0.27 and ΩΛ = 0.73 (ΛCDM model). GRGs are interesting beauseof the fat that their existene brings out important questions about their evolution,
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age, and the origin of so large sizes. GRGs are usually muh older than typial radiogalaxies what suggests they an be the �nal stage of soure's evolution.Until reently the largest radio galaxy was 3C236 that features a "double-double"morphology onsisting of the giant reli of ∼4.4 Mp size and an inner struture of ∼2kp size whih is a young, ompat steep spetrum soure. (Willis, Strom & Wilson1974.) However, in 2005 the larger radio galaxy have been disovered. J1420-0545 hasits linear projeted size of 4.69 Mp (Mahalski et al. 2008). Despite of this, J1420-0545is also interesting due to its relatively high redshift (z = 0.3067).An analysis of the reahed soures' size (and their age) in the funtion of theirtemporary radio luminosity was onsidered by Kaiser & Best (2007). A summary oftheir onsiderations is given in Setion 2.2.1.3 Cyles of the ativityThe ativity of radio galaxies results from the proesses of aretion of a matteron the blak hole with magneti �eld and angular momentum. This ativity evidentlyannot be in�nite; it an be stopped after a time de�ned as "jet ut-o�" time. It wasestimated to be no longer then about 108 years (Komissarov & Gubanov 1994). Whenthe ativity ends even temporarily, the lobes are not longer powered with the in�owof relativisti partiles, so as the result, the luminosity of the radio struture tends toease. This e�et is observed mostly on higher radio frequenies (ν>1000 MHz) andthis e�et seems to be ommon in the ase of old, large-sized radio soures. In a study ofthe radio strutures of some giant radio galaxies, Subrahmanyan, Saripalli & Hunstead(1996) drew attention to a variety of morphologial features in the GRGs whih wereindiative of interrupted or episodi nulear ativity. It implies that GRGs may hadattained their large sizes as a result of restarting of their nulear ativity in multiplephases.Observations also indiate the existene of some spei� ase of radio soures -so alled Double - Double Radio Galaxies (DDRGs). Their extended radio struturesonsist of the inner, younger double strutures with almost pure power-law spetraand the outer, larger, steepened spetrum struture, onsidered to be the older one.Observations suggest also that suh double-double strutures predominantly our inthe ase of the largest radio galaxies. However, only a small fration of GRGs hasdouble-double strutures (Shoenmakers et al. 2000). Studies of the possible nulearreurrene in radio soures are in their early days and the role of suh a reurrentativity in the formation of GRGs should be enlightened.
4



2 Theoretial basis
2.1 Physial proesses in the FRII type souresThe radio galaxy's ativity onneted with jets formation results from the proessesof aretion of a matter on the super massive blak hole (hereafter referred to SMBH)with magneti �eld and angular momentum. AGNs are haraterized by a high rate ofthe aretion of gaseous matter situated lose to the entral SMBH. Areted matterforms so-alled aretion diss where the rotational energy of the SMBH is transformedinto plasma's internal energy, and then, radiated in the wide range of the eletromag-neti spetrum. Magneti �eld of the SMBH links the aretion dis with the plasmaplaed outside the ergosphere. That implies that the high fration of the plasma anbe aelerated in the diretion de�ned by the spin of the AGN.Jets (and double radio strutures) are formed only in some fration of all observedAGNs. Wilson & Colbert (1995) and Blandford (1999) suggest that jets of so-alledradio loud AGNs are only produed in the ase of entral SMBH with very strongmagneti �eld and high spin. High values of the spin results probably from the merg-ing event of two SMBH (Merrit & Ekers, 2002.) Physial proesses leading to theobserved struture of FR II type radio soure are determined by so-alled "StandardAGN model" (Blanford, Rees & Sheuer 1974). The shemati diagram of the soure'somponents is shown on Figure (3).

Figure 3: Shemati diagram of the struture and physis of FR II type radio soure.
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A well ollimated jet omposed of relativisti partiles starts its travel enounteringthe host galaxy, then the medium of the luster ontaining that galaxy, and �nallyit may reah the Intergalati Medium (hereafter IGM) whose density an be higherthan the density of the jet. Interation of the jet with those media produes a bowshok. This shok form an interfae between the shoked and the unperturbed externalmedium. A ompression of relativisti jet material has plae at hot spots, the brightestregions of the ends of the jets where external medium interats with the jet, resultingin medium's partiles aelerations after their transition through the bow shok. Thejet's power depends on the total AGN rotational energy. The higher this energy is, thefaster the relativisti partiles of the jets move. If the AGN is relatively weak, the radiolobes are powered with poorly ollimated jets in whih turbulent fores our and theveloity of the relativisti partiles slows down.2.2 Energy lossesThe FR II type soures have predominantly power-law spetra. Non-thermal on-tinuum radio emission of the lobes is due to both synhrotron proess and inverse-Compton sattering of ambient photons of the osmi mirowave bakground (CMBR).The synhrotron radiation arises from ultra relativisti harged partiles (with Lorentzfator of γ ∼ 104) that interat with the magneti �eld. This emission in highly polar-ized and an be observed within the entire eletromagneti spetrum, so it an be easilyreognized. Aording to lassial eletrodynamis the life-time of relativisti eletronsemitting medium and short radio waves has to be relatively short. Beause the radiolobes are stable, long-living strutures (as the observations indiate), they have to beontinuously powered with the amounts of new partiles. The soure of these partilesan be only the entral part of the galaxy - AGN. Due to so-alled synhrotron losses,the most energeti partiles loose their energy in the fastest rate. It implies that, in theabsene of the onstant injetion of the new partiles, synhrotron losses in the radiolobes result a violent steepening of the observed radio spetra of the soures. Mostenergeti eletrons preferentially emit at high frequenies, so the high-frequeny partof the spetrum rapidly steepens and �nally uts o�.The Inverse Compton e�et originates from the interation of the jet's relativistipartiles with CMBR photons. Aording to Kardashev (1962), this proess need tobe taken into aount in the analysis of the soure's total energetis, as well as theadiabati expansions of the lobes (resulting in both energy losses and gains), Coulomblosses (ourring when relativisti partiles ollide with thermal eletrons of a givendensity), and energy aquisition by systemati or stohasti aeleration. It had beenproved that Coulomb losses play a major role in total energy losses only at very lowenergies (γ < 10). Both radiative and adiabati losses are dominant at higher partile'senergies, espeially for γ > 103 (Murgia 1996).As it has been mentioned in Setion 1.2, Kaiser & Best (2007) analyzed evolution
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of the luminosity (L) as the funtion of the soure's size (D). Their L − D diagram isreprodued in Figure (4).

Figure 4: The FR II type soure's luminosity evolution of a lobe.The soure's luminosity is linked to a stage of the its life and the dominant energylosses at a this stage. For the ase of dominant adiabati loses, the radiation lossesould be negleted. In this regime the radio luminosity depends on soures size as
L ∝ D(8−7β)/12. It implies that at this stage the expeted luminosity an derease orinrease depending on whether β > 8

7
or β < 8

7
, respetively. The synhrotron lossesare the most important at the early time of soure's life beause the energy densityof the magneti �eld in whih partiles radiates derease while the soure grows andgrows older. The radio luminosity in this regime is the onstant funtion of its size

L ∝ D0 ∼ const. The external density pro�le is now approximated by a power lawand the relation between the length D and the soure age t depends on the value ofthe power-law exponent Î². In this regime synhrotron losses dominate over the InverseCompton e�et.As the magneti �eld dereases due to the ageing of the soure, Inverse Comptonlosses remain onstant and �nally dominate over synhrotron losses. At this phase verystrong total energy losses are observed L ∝ D(−4−β)/(5−β) (f. Figure (4)).
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2.3 Soure's sizes vs. other physial fatorsThe lobe's length is not only the simple funtion of its age. The total size depends alsoon amount of energy released from the AGN and the properties of the IGM in whihthe soure evolves. For example GRGs are only a fration of 6% of the total populationof luminous radio galaxies (Laing, Riley & Longair, 1983). It may imply that theirenormous sizes result from the "density voids" in the IGM. Additionally, only about10% of known GRGs lie at redshift larger than 0.5. The maximum linear size of observedradio galaxies dereases as D ∝ (1 + z)−3 (Gopal-Krishna & Wiita 1987). This fatis in a good agreement with the theory assuming that in the adiabatially expandingUniverse, �lled up with hot, uniform IGM, its density inreases as ̺IGM ∝ (1 + z)3,(Kapahi 1989) and its kineti temperature grows up proportionally to Tk ∝ (1+ z)2. Itimplies that the pressure of IGM hanges as p ∝ (1 + z)5 (Cotter 1998). The pressureof the external medium likely deides how far the radio struture an expand. Thatexplain why most of the GRGs are situated lose to us. However, �nding GRGs atmuh higher redshift may prove that parts of the IGM, with signi�antly lower densitythen an average one, are also in early osmologial epohs. For this reason GRGs areuseful tool for studying the evolution of radio soures itself, as well as the osmologialevolution of the IGM - espeially its density and homogenity.
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3 Analytial models of FRII type radio souresAll analytial models take into aount known physial proesses ouring in FR IItype radio soures. They haraterize these soures in terms of their dynamis andenergetis onneted to the luminosity evolution. All of them originate from the "stan-dard model" for double radio soures (e.g. Blandford & Rees 1974) in whih lobes areomposed of a shoked jet and IGM material. The axial length of a lobe results fromthe balane between the jet's thrust and the ram pressure of the external medium, andits width is a funtion of the jet's partiles internal pressure.3.1 Soure dynamisThis balane is a base for the soure's dynamis desribed by the more sophistiatedanalytial model of Kaiser & Alexander (1997; hereafter referred to KA). The jetsthrust, Πjet, and its balane with the ram pressure of the gaseous environment is givenby
Πjet ∼

(

Qjet

vjet

)

≈ ρav
2
hAh, (1)where Qjet and vjet are the jet's power and speed; the later one is assumed to be lose tothe speed of light (vjet ≈ c). ρa is the ambient density, vh is veloity of the jet's head (f.Figure (3)), and Ah is the ross-setion area of the bow shok there the time-averaged

Πjet is disharged over.Transforming Eq.(1) we have
vh =

d

dt
rj ≈

(

Qjet

ρacAh

)1/2

. (2)Taking into aount that Ah is an inreasing funtion of time (f. Murgia 1996), andassuming that the density distribution of the unperturbed ambient gas surrounding theradio soures has a power-law radial density distribution (the simpli�ed King's (1972)pro�le) saling with the distane r from the enter of the host galaxy as:
ρa(r) = ρ0

(

r

a0

)−β

, (3)where ρ0 is entral density of the radio ore, a0 is its radius, and β is exponent ofthe power-law density pro�le in the King's model. Integration of Eg.(2) gives the totallength of the jet at a given age t as 9



rj(t) = c1

(

Qjet

ρ0a
β
0

)1/5−β

t3/5−β . (4)where rj is identi�ed with one half of the soure's linear size, rj = D/2. A valueof the oe�ient c1 is a omplex funtion of equations of state of the unperturbedexternal medium and shoked jet and surrounding environment material (f. Kaiser &Alexander 1997). The shoked jet material in�ates a spae volume (hereafter referredto as ooon) within, so-alled, ontat disontinuity. The observed lobes of an FR IItype soure are identi�ed with the radiating parts of this ooon (ross-hathed areain Figure (3)).The lobe expand due to the hotspot plasma pressure, ph, and the ooon pressureitself - pc. The pressure ratio is proportional to the axial ratio - Rt, de�ned as the ratioof lobe's length to its base diameter:
Phc ≡

(

ph

pc

)

≃ 4 Rt. (5)In partiular, the oe�ient c1 is dependent on Phc also (f. Eqs. (32) and (38) in KA).It is worth notie that in the KA model the rate at whih partiles are transportedfrom the AGN to the hot spots is onstant during the lifetime of the soure. If two ofits basi free parameters: Qjet and ρa(r) = f(ρ0, β), are spei�ed, this simpli�ed modelpredits evolution of soure's geometrial parameters only.3.2 Soure energetis and luminosity evolutionIn order to provide another, independent relation between the parameters Qjet and ρ0,Kaiser, Dennett-Thorpe & Alexander (1997) ombined the pure dynamial KA modelwith the analytial model (hereafter KDA model) for the total energetis of a FR IItype soure, i.e. for expeted radio emission of its lobes (or ooon) under in�uene ofthe energy loss proesses: adiabati losses due to their expansion, synhrotron emissionin the magneti �eld, and inverse Compton sattering of the CMBR photons. The exatformula for the radio power is not an analytially solvable integral in this model, butit an be solved numerially for assumed values of the model free parameters, traingall of the soure's energy losses.The initial energy distribution of injeted partiles is given by n(γi) = n0γ
−p. Theadditional model free parameteres that have to be �xed are: a0, β, θ (the inlinationangle of the jet axis to the observer's diretion of sight), γmin and γmax (Lorentz fatorsdetermining the energy range of the relativisti partiles), p (initial power-law expo-nent), Γj, Γa, ΓB and Γc (adiabati indies in the equation of state for the jet material,10



the external medium, "magneti" �uid, and the soure as a whole, respetively, andthe ratio of the energy density of the magneti �eld and relativisti partiles, given by
r = uB/ue = (1 + p)/4(1 + k′), assuming energy equipartition ondition. k′ is a ratioof thermal to relativisti partiles, and p = 2αinj + 1.An ensemble of n(γ) relativisti eletrons with Lorentz fator γ, plaed in a volumeV, in the presene of magneti �eld B, emits synhrotron power per unit frequeny andunit solid angle aording to the relation:

Pν =
σT c

6π

B2

2µ0

γ3

ν
n(γ)V, (6)where σT is the Thomson ross-setion and µ0 is the permeability of free spae. Theserelativisti eletrons are supposed to be injeted into the lobe from the hotspot by itshead (extended region of turbulent aeleration around the hotspot.) Radio spetrumevolves with time due to energy losses. The proess of slowing down the partiles theLorentz fator γ an be desribed by the formula:

dγ

dt
= −

a1

3

γ

t
−

4

3

σT

mec
γ2(ub + uc), (7)where the �rst term (from the right) refers to the adiabati losses in the expanding lobesand the seond - to the ombined synhrotron and inverse Compton e�et radiation.In this formula, me is the eletron mass, ub - energy density of the magneti �eld, and

uc - energy density of CMBR.Integrating Eq.(7) over time and performing some other transformations one �nallyobtains the formula for the radio power of in�nitesimal volume elements of the ooonat given frequeny. By summing the total ontribution of all of those elements we annumerially alulate this integral over the injetion time ti. However, ti annot be lessthan a minimum injetion time, tmin, at whih the ooon material (still radiating atfrequeny ν) has γi ≤ γmax. Thus:
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. (8)
As it have been mentioned, there are examples of more advaned dynamial modelsbased on the original KA model. They are all related to the same basi onsideration ofsoure's length vs. age dependene and the mehanism of radiation and radiative losses.The major di�erenes are due to the initial energy distribution of injeted partiles.11



The KDA model assumes that there is a onstant injetion index, p, for the power-lawenergy distribution de�ned above. In this simpli�ed senario, the radiating partiles areinjeted from the hotspot into the lobe. Some authors argue that this approximationmay be inorret. For example, in the BRW (Blundell, Rawlings & Willot 1999) model,this injetion index is not expeted to be onstant and varies between the di�erentenergy regimes due to some break frequenies. On the ontrary, the MK (Manolakou &Kirk 2002) assumes that this index is also onstant, but the partile's behaviour is moreompliated than in a ase of pure KDA model and they are additionally reaeleratedin the lobe's head. The both models are widely desribed and ompared by Barai &Wiita (2006).3.3 Determining dynamial age and other physial parametersfor real FRII type radio souresThe original KDA model allows predition of the jets length (i.e. the linear size of asoure) and its radio power at a given frequeny. This is possible if the values of theall free parameters of the model are spei�ed. However, a speial tool has been desiredto solve the "reverse problem", i.e. to estimate model's physial parameters for a realradio soure with all the observational parameters derived from radio maps: the sizeand axial ratio of its lobes and their radio spetrum, i.e. the luminosity at a numberof observing frequenies.In order to solve suh "reverse problem" Mahalski, Chy»y, Stawarz & Kozieª(2007a; hereafter referred to as MCSK) elaborated the algorithm "DYNAGE" whihallows to derive values of four of the soure's unknown parameters (i.e. age, jet power,entral density and the initial injeted energy) from the �t to the known observables(soure's size, volume, the radio power at given frequeny and the shape of the spe-trum). This numerial approah demands multifrequeny radio observations inludingat least three di�erent �ux densities embraing possibly wide range of the radio spe-trum. The "DYNAGE" algorithm demands also �xing values of the remaining freemodel parameters, i.e. values of a0, β, θ, γmin, γmax, Γj, Γa, ΓB, Γc, and k′ indiatingratio of energy density of the thermal partiles to that of the relativisti partiles. Set-ting all of these parameters, one an estimate values of t, Qjet, ρ0, and αinj for everyindividual FR II type radio soure.Espeially, the dynamial age of a given soure an be estimated. The "DYNAGE"algorithm provides the reipe for �tting "the best" model radio spetrum to the ob-served data. This proedure is shown in details in MCSK. So-alled "age solution" isfound knowing that numerially �tted values of the Qjet inrease with dereasing ageand, on the ontrary, ρ0 tend to inrease with age on the Qjet � ρ0 diagram (f. their�gure (1)). Therefore the rossing point for all of the frequeny urves on these dia-grams (or, the numerially �ted age orresponding to the minimum dispersion of thesevalues) de�nes the most physial "age solution" for a given set of the assumed values12



of model free parameters. However, their alulations indiate that this "age solution"depends signi�antly on αinj value. Thus, the "DYNAGE" algorithm predits the "bestage solution" resulting from the �t to the best "e�etive" value of the initial energy ofinjeted partiles providing a minimum of the jet's kineti energy, Qjet · t3.4 Limitations of the KDA modelThe KDA model su�ers three serious limitations in its desriptions of the physialproesses and onditions governing the dynamial evolution of radio soures. These are:1. Negligene of observed asymmetries in the lobe's length, axial ratio, and radiospetrum,2. Unlimited derease of the external density pro�le,3. Constant relativisti partiles energy distribution and the jet power during thelifetime of a soure.3.4.1 Asymmetry of radio souresAording to the lassial approah based on standard model of FR II type soures,every radio soure for whih modeling is performed is stritly symmetrial. Therefore,the KDA model assumes that the two lobes have the same length, axial ratio, andtotal radio power at a given frequeny. In the ase of real radio soures more or lessevident asymmetries in both: lobe's length and their radio luminosity are observed. Inthe standard modeling these di�erenes are negleted and the values of D and Pν , theopposite for lobes, are averaged. This simpli�ation implies that estimated values of
t, Qjet and ρ0, as well as β exponent, are always equal for both lobes of the soure.In the Setion 4, I analyse dependenes of the ratios of the lobe size, D1/D2, andmonohromati power, P1/P2, resulting from the KDA model, on di�erent values of afew of its basi free parameters assumed for opposite lobes of a �duial soure.3.4.2 Unlimited external density pro�leThe original KDA model assumes that radio galaxy evolves in one-medium environ-ment: a halo with dereasing density desribed by the simpli�ed King's (1972) pro�le.Gopal-Krishna & Wiita (1987) proposed a more sophistiated model of the jet propa-gation in whih host galaxy is surrounded by two-media environment onsisting of anX-ray halo around the parent galaxy with gas density dereasing with radial distanefrom the galaxy and a hot IGM with onstant density. In Setion 5, I revised theirmodel introduing ontemporary values for the density and temperature of the onsid-ered media, as well as ompare the revised model dynamial preditions with the ageand linear size of several FR II type soures (forming three di�erent samples) resultingfrom the �t with the KDA model (Kuligowska et al. 2009).
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3.4.3 Limitation for the jet ativityKDA model has been also onstruted on the assumption that the jets ativityof the radio soure is ontinuous, the power-law distribution of injeted relativistipartiles is onstant, and the lobes are powered with onstant amount of the newradiating partiles. This approah is a good approximation only in the ase of youngradio soures. It also implies that original KDA model is appliable for young soureswith regular spetra only. However, the observations indiate that there are manyexamples of radio soures (inluding giant radio galaxies) in whih the high-frequenyparts of their spetra are steeper than expeted for the ase of the KDA ontinuum-injetion model, αinj + 0.5. This strongly suggests that their ativity stopped sometime ago. In suh the ase, the use of "DYNAGE" algorithm results a di�ulty indetermining a satisfatory age solution for suh a soure by the best �t of model's freeparameters to the observables. The attempt of extending this algorithm to a versionappliable for FR II type radio soures with high-frequeny spetra steeper than αinj +

0.5, and the results of i its appliation, is given in Setion 6 of this Thesis.
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PART II4 Asymmetries of FR II type radio soures preditedwith the KDA model
4.1 Lobe's length and total luminosity asymmetriesAs numerous observations indiate, the asymmetries of FR II type radio soure'slobes (their morphology, size, brightness distribution, total luminosity, spetrum andpolarization of radio emission an be meaningful. In this dissertation I onsider thelobes' length, D, and monohromati radio powers, Pν , only.In most ases these observed asymmetries annot be explained by a simple proje-tion e�et only - the situation when one of the lobes, that is physially situated loserto the observer (when the jet's axis is signi�antly inlined to the diretion of view)seems to be longer and fainter than the opposite one, aording to the di�erenes inthe light travel time (Longair & Riley, 1979).Therefore in this Setion, I analyse asymmetries between the lobe's length and radioluminosity predited by the KDA model. They appear in the model when the valuesof some of it's free parameters are di�erent for the opposite lobes of a given soure.Hereafter these model-predited asymmetries are desribed by the ratios D1/D2 and
Pν1/Pν2 (the latter at the observing frequeny of 178 MHz.Eqs. (4) and (8) in Setions 3.1 and 3.2 indiate the model's parameters from whihthe lobe's length, D/2, and its radio luminosity, Pν depends. Beause the parameters
Qjet, ρ0, a0 and t are expeted to be rather onstant for the given soure - relative valuesof D/2 will be only dependent on the oe�ient c1 and β parameter, respetively. Asit had been mentioned before, oe�ient c1 is a funtion of the following model'sparameters: Γa, Γc, β and Phc ≃ 4 R2

t (f. Eq. 5). However, one an assume that onlyvalues of β and Rt an be di�erent in the opposite lobes. Similarly, relative values of
Pν depend on following parameters: ΓB, Γc, Rt, β, αinj and r = f(k′) (f. Setion 3.2),where the last four values only are supposed to be di�erent in the opposite lobes. It isworth noting that Rt value parametrizes the assumed ylindrial geometry of the lobe(ooon) and is used to alulate its volume, V .The remaining values of the KDA model's free parameters have been set up asfollows: a0 =10 kp, γmin = 1, γmax = 107, θ = 90◦, Γj = ΓB = Γc = Γa = 5/3.4.2 Asymmetries resulting from di�erent β exponentOne an expet that β exponent in the power-law density distribution of the externalmedium surrounding the radio soure may have di�erent values in diretions of prop-15



agation of the opposite jets. It may be due to an inhomogenity of this medium. Thesedi�erenes will ause di�erent values of both: lobe's size and its radio luminosity ata given frequeny without referring to any internal asymmetries due to physial pro-esses in the soure itself. In order to analyse the above asymmetries, I used a �duialsoure with �xed values of Qjet = 1038 W, ρ0 = 10−22 kg/m3, αinj = 0.51 (implying
p = 2.02),Rt = 3.0 and z = 0.5.The alulation is performed for two seleted soure's ages: t =10 and 100 Myr (for
D1/D2 asymmetry) and for three senarios in the ase of Pν,1/Pν,2 asymmetry: t = 10Myr and k′ = 0, t = 100 Myr and k′ = 0, and t = 100 Myr and k′ = 10. FollowingKaiser et al. (1997) I used the frequeny of 178 MHz. It is assumed that the value of βmay vary from 1.0 to 1.9, with the highest di�erene β1 − β2 = 0.45 between the lobesof this soure.Figure (5) presents predited ratios of D1/D2 (plot a) and Pν,1/Pν,2 (in log sale,plot b), respetively, versus the di�erene β1 − β2. The urves on both plots indiatemedian values of the above ratios in a set of the model solutions for D1 and D2, aswell as for Pν,1 and Pν,2 that are dependent on varying values of β providing the samedi�erene of β1 − β2. The vertial bars show the standard deviation from the medianvalue.The diagrams show that the length and luminosity asymmetries inrease with ageof the soure. Besides, the asymmetry in luminosity inreases with inreasing frationof non-relativisti (thermal) partiles in the radio lobes. Open irles on both diagramsmark the observed ratios of D1/D2 and Pν,1/Pν,2 versus di�erene of β1 −β2 publishedfor the sample of 30 giant-sized radio galaxies by sample of 30 giant-sized radio galaxiesby Mahalski et al. (2009) and Mahalski (2011). In the above papers, Pν,i(i = 1, 2) aregiven at a number of observing frequeny of 151 MHzas the losest one to the modelfrequeny of 178 MHz. For the sample soures (or lobes) without data at 151 MHz, Iuse the radio power alulated with �ux densities interpolated between neighbouringdata points, e.g. between 74 MHz and 325 MHz. The values of β are taken from their"self onsistent" solution for the opposite lobes, i.e. from the DYNAGE �t of theirradio spetra with a model assuming ommon values of its free parameters Qjet and
ρ0. A omparison between the model predition and the above data for real soures isgiven in Setion 4.6.
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Figure 5: D1/D2 (plot a) and logPν1 − logPν2 (plot b) vs. varying di�erene β1 − β2 for the�xed value of: αinj , r, Rt and two di�erent values of dynamial ages and k′. The urves indiatemedians of the distributions of all individual model solutions for D1/D2 and Pν,1/Pν,2 ratios,alulated as the funtion of inreasing di�erenes between the β parameters in the oppositelobes. The error bars are the standard deviation in these distributions. Cirles representobservational data available for 30 giant-sized radio galaxies (see the text above).17



4.3 Asymmetries resulting from di�erent axial ratio RtObservations shows that the opposite lobes may have signi�antly di�erent values of
Rt. Following Kaiser (2000), it is asummed that the axial and transversal expansionof the radio lobe, governed by the presssure ratio Phc, is related to its axial ratio Rt(f. Eq. 5). Therefore, observed di�erenes in Rt values in the opposite lobes suggestdi�erent ratios of the pressure inside the external environment along and aross thejets (di�erent values of Phc at the ends of the opposite jets of the same soure), thusdi�erent physial onditions in the IGM surrounding the jet's material inluding itsinhomogenity.Di�erent values of Rt in�uenes both the lobe's length and luminosity, besidesdi�erent β exponent an ause an observed asymmetry of these lobe's parameters. Iassume that Rt varies from 1.5 to 6 with the maximum ratio of 2. Figure (6) showsexpeted ratios of D1/D2 (plot (a) and Pν,1/Pν,2 (in log sale, plot (b), respetively,versus the ratio of di�erene of Rt,1/Rt,2 alulated for two di�erent ages of the �duialsoures - t = 10 and t = 100 Myr. Additionaly, plot b shows the model predition for
t = 100 Myr and k′ = 10. Open irles mark the same observational data as in Setion4.2.
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Figure 6: D1/D2 (plot a) and logPν,1− logPν,2 (plot b) vs. varying ratio of Rt parameter for a�xed values of: αinj , r, β and two di�erent values of dynamial ages and k′. The urves indiatemedians of the distributions of all individual model solutions (as in Setion 4.2.) alulatedas the funtion of inreasing di�erenes between the β parameters in the opposite lobes. Theerror bars are the standard deviation in these distributions. Cirles represent observationaldata available for 30 giant-sized radio galaxies.19



4.4 Asymmetries resulting from di�erent αinj parameterIn ontrast to the parameters β and Rt, αinj a�ets only the value of the monohro-mati radio power at a given frequeny. It does not have any in�uene for the sizeof the lobe. Diagrams in this setion show how a di�erene in the "e�etive" densitydistribution of relativisti partiles aross the bow-shok at the head of the oppositejets an result in a diverse synhrotron emission of the relevant lobes and expetedsymmtetry of Pν,1/Pν,2. The alulations are performed with idential values of the freeparameters of the model as in previous two setions, but hanging values of αinj only.It is assumed that the values of αinj may hange from 0.5 to 0.8, with the maximumdi�erene αinj,1 − αinj,2 = 0.15 for the opposite lobes of the �duial soure.Resulting diagram is presented in Figure (7). As previously, the urves show themedian values of Pν,1/Pν,2 in a set of the model solutions of this ratio for a givendi�erene of αinj,1 − αinj,2. Again, the vertial bars show the standard deviation fromthese median values. Open irles mark the observational data as in Setions 4.2 and4.3.
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4.5 Asymmetries resulting from di�erent k′ parameterDi�erent values of k′ (the ratio of energy density of the thermal partiles to that of therelativisti partiles in the lobe's material) also ause an asymmetry in radio luminosityof the opposite lobes. It a�ets only the value of radio power (Setion 3.2) and has noin�uene into linear size of the lobe. An estimation of the value of k′ in real soures isvery di�ult. For example, Broksopp et al. (2011), modelling the double�double radiogalaxy B1450+333, onsidered k′ values from 0 to 100.The alulations are performed with idential values of the free parameters of themodel as in previous two setions, but hanging values of k′ only. It is assumed thatthey may hange from 0 (orresponding to the ase of no thermal partiles in the jet)to 30, with the maximum ratio k′

1/k
′

2 = 15 for the opposite lobes of the �duial soure.Resulting diagram is presented in Figure (8). The urves show the median values of
Pν,1/Pν,2 in a set of the model solutions of this ratio for a given ratios of k′

1/k
′

2.
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4.6 Disussion and onlusionsObserved di�erenes in linear sizes and monohromati radio powers of the oppositelobes of FR II type radio soures are often too large to be explained by the seletione�ets or projetion of the soure on the plane of the sky only. The alulations per-formed in Setions 4.2, 4.3, 4.4 and 4.5 showed that suh asymmetries an be easilypredited with the KDA model assuming di�erent physial onditions in these lobesand/or their environment.These alulations preise the in�uene of di�erent values of β, Rt and t modelparameters on the lobe's length asymmetry D1/D2 (as expeted from Eg. 4), as well ason�rm a supposition that a signi�ant in�uene on the luminosity asymmetry, Pν1/Pν2,have the model parameters β, Rt, αinj , k′ and t. Although di�erent age of the oppositelobes is rather not admissible, this is worth emphasizing that the in�uene of absoluteage value of the �duial soure on the asymmetries onsidered here is meaningful.4.6.1 Model preditions for the asymmetriesAsymmetry of lobe's length depends on the values of model parameters β and Rt. Thisin�uene is stronger in the ase of Rt parameter determining the pressure ratios in thelobe, Phc (f. Figure (6a)). In turn, Figure (5a) presents very strong dependeny of thesoure's age on the resulting D1/D2 asymmetry. These asymmetries inrease with theage of a given soure.Asymmetries of lobe's radio brightness may result from di�erent values numberof the model parameters. In Setions 4.2, 4.3, 4.4 and 4.5 I analyzed the dependeneof suh asymmetry on the values of parameters β, αinj , Rt and k′. A variation ofthe β parameter gives relatively low Pν,1/Pν,2 asymmetries slowly inreasing with theinreasing age of the soure, while for parameters αinj , Rt and k′ the predited degreeof the asymmetry is nearly the same and highly dependent on the soure's age.As onerns the Pν,1/Pν,2 asymmetry, one an ompare its dependene on the pa-rameters β, αinj and Rt with that resulting from di�erent values of k′. It is almostequally strong as the impat of the hange of the soure's age on shape of the modelurves. At the same time it is di�ult to learly determine whih one of these param-eter in�uenes the greatest asymmetry. In the ase of the parameters β and αinj it isthe age, but in turn for Rt it is a hange of the parameter k′.It is learly seen that while in the ase of asymmetry in the length of the lobes thenumber of fators that may ause them is relatively small, whereas the asymmetry oftheir radio brightness may be aused by di�erent values of several model parametersand thus it is not easy to determine whih one of them has a deisive in�uene in thisase.
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4.6.2 Model predition in omparison with observational dataAsymmetries of lobe's length and brightness predited by the model are onfrontedwith the observed asymmetries in the small and heterogeneous (only available in theliterature) sample of 30 "giant" radio galaxies (Mahalski et al. 2009, Mahalski 2011).In both of these publiations the observed asymmetries D1/D2 and Pν,1/Pν,2 are re-produed by varying the values of only two model parameters, namely β and αinj . Inpartiular, di�erent values of β in the opposite lobes (where usually di�erent values of
Rt are known from observations) are used to explain the observed asymmetry in thelength of the lobes. In the next step, the observed asymmetry in the brightness of theopposite lobes of radio galaxies from those samples is reprodued by a variation of the
αinj parameter in these lobes. In this way the observed ratio of Pν,1/Pν,2 is desribedby a diversity of not the only one, but three parameters of the model, Rt, β and αinj .Thus these observations on�rm the onlusions from the previous paragraph that agiven asymmetry of lobe's length and brightness annot be desribed by di�erent valuesof a single model parameter, however it an be provided by a ombination of severaldi�erent values of its free parameters only. This is in aordane with the physis ofthe FR II type radio soure, beause the radio brightness at a given frequeny dependson energy distribution of relativisti partiles, strength and orientation of the magneti�eld, and the volume of the soure (or its lobes), thus on muh larger number of themodel's free parameters than the length of the lobes. It is also evident from the exam-ple of the observational data of the sample soures. The diagrams illustrating Pν,1/Pν,2asymmetry show muh more notieable dispersion of the sample soures around themodel urves than the diagrams onfronting the observed D1/D2 asymmetry with themodel preditions.Only the small fration of observed asymmetries orresponds to the predition of themodel presented on Figures (5), (6) and (7). It is worth noting that these asymmetriesin real radio soures mainly orrespond to the model urves alulated for soure'sage of 100 Myr and for di�erent values of k′. It is understandable beause the samplesomprise soures with very large linear sizes and ages of about≃ 100 Myr, not inluding,however, small and relatively young soures.In the ase of the diagrams presenting the Pν,1/Pν,2 asymmetry one an notie strongdeviations of the notable part of the observed soures from the model preditions. Thesesoures are not even lose to the urves alulated for the soure age of 100 Myr (forboth values of k′), though their �tted dynamial ages alulated for the soures havetypial values of this range and are not exeeding the value of 250 Myr.The above onlusions are not omprehensive in the sense that the sample is not rep-resentative for the entire FR II type soures population. As it was already mentioned,the seletion e�et auses that it onsist of large radio galaxies only. Therefore, a futureresearh should fous on the omparison of model preditions for the asymmetry withlarger and more diverse samples of FR II radio soures.
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5 The observational onstraint for the model of theradio-jets propagation through the X-ray halo�IGMinterfae (Kuligowska et al. 2009)Kuligowska, Jamrozy, Kozieª�Wierzbowska & Mahalski,2009, AA, 59, 431Extended large-sized radio soures are not easy to reognize beause of theirrelatively low radio brightness and a di�ulty to detet eventual bridge onnetingbrighter parts (lobes) of a ommon radio struture. Several observational e�orts showthat most of known GRGs lie at low redshifts of z<0.25. For a long time this auseda presumption that suh extragalati double radio soures, espeially those of FRII-type, did not exist at redshifts higher than about one beause of the expeted strongevolution of a uniform IGM, ρIGM ∝ (1+z)3, on�ning the lobes of soures (e.g. Kapahi1989). The situation hanged over 10 years ago when Cotter, Rawlings & Saunders(1996) and Cotter (1998) presented an unbiased sample of giant radio soures seletedfrom the 7C survey (MGilhrist et al. 1990). Their sample omprised 12 large-sizesoures with 0.3<z<0.9. The list of known GRGs with z>0.5 and D>1 Mp is veryshort. The undertaken searh for suh GRGs on the southern sky hemisphere with the11m SALT telesope during the Performane Veri�ation (P�V) phase has resulted inthe detetion of 21 GRGs with the projeted linear size greater than 1 Mp. However,one an found that their redshifts do not exeed the value of 0.4 and the energy densityin only two of them is less than 10−14Jm−3. One of them, J1420-0545, is the largestknown GRG in the Universe (f. Mahalski et al. 2008).The dynamial evolution of a FRII radio soure strongly depends on harateristisof the ambient medium. Gopal-Krishna & Wiita (1987) proposed the two-mediummodel onsisting of an X-ray halo around the parent galaxy with gas density dereasingwith radial distane from the galaxy and a muh hotter intergalati medium (IGM)with onstant density. These two media were oneived to be pressure-mathed at theirinterfae. Their model allowed to predit limiting (maxima) values for the soure's ageand linear size depending on the environment onditions, the jet power, and the osmiepoh haraterized by the soure's redshift. However, our reent detetions of verylarge-sized radio soures with z>1 and exeeding the limits predited by their model(hereafter referred to as G-KWmodel), suggests that some of its free parameters shouldbe modi�ed.In this Setion an observational onstraint for the G-KW model is analyzed. Forthis purpose, an e�ort to determine the highest sizes and dynamial ages of FRII-typeradio soures at redshifts 1<z<2 is undertaken. The original G-KW model is brie�ydesribed and modi�ed adopting modern (ontemporary) values for thermodynamitemperature and gas density of the two media. Then, the predited relations between26



the soures' physial size and the age, as well as the expansion speed of the radio lobes'head and the age are alulated.The observational data used to onstrain the two-medium model are presented. Thesmall sample of the most distant giant-sized radio soures is revised and supplementedwith two other limited samples of FRII-type soures omprising: (i) soures larger than400 kp within the redshift range 1<z<2, most of them found in this paper, and (ii)seleted 3CRR soures in majority smaller than 400 kp at z>0.5 forming a omparisonsample of "normal"-sized radio soures. Physial parameters of the sample soures: thedynamial age, the jet power, the entral radio-ore density and the IGM density,and others, are derived using the "DYNAGE" algorithm (Mahalski et al. 2007a).The appliation of this algorithm to the sample soures and the resulting values of thesoure's parameters are desribed in Setion 5.2. A omparison of the model preditionswith the observational data is presented and disussed in Setion 5.3.5.1 The base of the revised G-KW modelIn the G-KW model, the jet propagates into a two-omponent medium omprised of:� the gaseous halo with a power-law density pro�le ρh(d) = ρ0 [1 + (d/a0)
2]
−δ boundto the parent optial galaxy, where ρ0 and a0 are the density and the radius of the entralradio ore, respetively, and δ=5/6. This distribution is assumed to be invariant withredshift. It is also assumed that this halo has nearly uniform eletron temperature

(kT )h[keV℄ (medium 1), and� the surrounding hotter IGM of uniform density, ρIGM, with the temperature
(kT )IGM(1 + z)2[keV℄ (medium 2).Similarily to Gopal-Krishna & Wiita (1987) it is neessery to assume harateristivalues for the density and temperature of the onsidered media. The values adoptedhereafter for the two omponents are based on the following data:(1) The radio ore radius, a0=3 kp is based on the �tted X-ray surfae-brightnesspro�le of nine nearby, low-luminosity radio galaxies reently observed by Croston et al.(2008). This value of the radius is derived from the observed angular radius of about10 arse.(2) The halos' gas temperature have been determined in a number of papers. Auniform temperature (kT )h=0.7 keV was measured for a few nearby, X-ray luminouselliptial galaxies with the Chandra Observatory by Allen et al. (2006). Using XXM-Newton and Chandra observations, the values from 1 to 5 keV with a median of about2.1 keV was found by Belsole et al. (2007) for the X-ray lusters surrounding 20 lumi-nous 3CRR radio soures. For the low-luminosity radio galaxies analysed by Crostonet al. (2008), a median of the �tted temperatures is about 1.4 keV. Taking the abovedata into aount one an estimate: (kT )h=1.4 keV.(3) The halos'gas (proton) density of (1 � 2)×104 m−3 is �tted to X-ray ounts byBelsole et al. (2007).
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The interfae between the X-ray halo and IGM is determined balaning the IGMpressure against the pressure distribution in the halo. A non-relativisti gas in thermalequilibrium that has an eletron density ne[m−3℄ and temperature (kT )e[keV℄ will havean eletron pressure pe=ne (kT )e[Pa℄. Expressing eletron density by the mass density,
ρ=n µ mH, this balane will have plae at the halo's radius Rh alulated from

ρ0

µhmH

[

1 + (Rh/a0)
2
]−δ

(kT )h =
ρIGM

µIGMmH

(kT )IGM, (9)where µ and mH are the mean moleular weight and the mass of hydrogen atom,respetively. µh is assumed to µh=0.5 and µIGM=1.4. Besides, for the halo (medium1) np=1.5 × 104 m−3 is adopted (i.e. a mean proton density of the values given byBelsole et al. (2007), whih orresponds to ρ0=10−22.6 kgm−3, and the temperature
(kT )h=1.4 keV). For the IGM density 50% of the osmi matter density is taken, i.e.
ρIGM=0.5Ωmh2ρclos= 0.5 × 0.27 × 0.712 × (3 H2

0)/(4π G), whih gives ρIGM= 10−26.9kgm−3. For the IGM temperature the values of (kT )IGM=25 keV is adopted. Substi-tuting the above values into Eq. (9) one an �nd Rh=642 kp. This radius of X-rayhalo is ompatible with the radii determined by Cassano et al. (2007) for 15 Abellluster radio haloes with the mean of ∼ 560±170 kp. This is worth to notie thatthit radius of 642 kp is muh larger than 171 kp used by Gopal-Krishna & Wiita. Inan expanding and uniform IGM this radius should evolve as Rh(z) = 642(1 + z)−5/(2δ)kp, i.e. 642(1 + z)−3 kp for δ=5/6.Figure (9) (a), (b), () present the basi harateristis of the two-media model:the mass density r(d), the eletron temperature kT (d), and the resulting eletron gaspressure p(d), as funtions of the distane from the host galaxy (ompat radio ore),respetively. Note that the balane ph(Rh) = pIGM at d = Rh orresponds to a rapidtransition between r(Rh) and rIGM , as well as between kT (Rh) and kTIGM , and ausesan unphysial e�et shown in Setion 5.6.1. The dashed urves in Figure (9) (a) and(b) indiate desired smooth transitions between the relevant parameters whih wouldintrodue a better physial senario into the model.
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Figure 9: Properties of the two-media environment surrounding the enter of radio galaxy.
5.2 Preditions of the modelFor d ≤ Rh it is assumed that the jet propagate (through the medium 1) with aonstant opening angle, θ. Under this ondition, the ram pressure balane results inthe following dependenes for the jet length (the radio lobe size, D) on time (the lobe'sage, t) and the jet's head expansion veloity, vh, on D or t:

D(t) = [(2 − δ) A t]
1

2−δ , (10)
vh(D) = A D(δ−1), (11)

vh(t) =
[

(2 − δ) A
1

δ−1 t
]

δ−1
2−δ

, (12)where
A ≡

(

4 c1Qjet

πθ2c ρ0a2δ
0

)
1
2

. (13)
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Here c1 is a onstant with a value between 1.5 and 3.8 depending on the soure's (lobe's)geometry desribed by its axial ratio Rt (Kaiser & Alexander 1997), while c ≈ vjet is thespeed of light. The jet's opening angle is also desribed by Rt, θ2 = c2/(4 Rt), where c2is a onstant with a value between 3.6 to 4.1 depending on spei� heats for the materialin the jet and the lobe (ooon), (Eq. (17) in Kaiser & Alexander 1997). At d = Rh(z)the jet enters the hotter IGM (medium 2) at least an order of magnitude less densebut pressure-mathed, as shown in Figure (9). In order to analyze the jet's propagationover this regime, Gopal-Krishna & Wiita have onsidered two likely extreme senariosfor the lobe's expansion:� Senario A where the jet opening angle, θ, is onserved. Due to a rapid dereaseof the ambient density at the interfae, ρIGM ≪ ρh(Rh), a su�ient ram-pressure willbe provided only if the jet's head veloity, vhs, inreases abruptly at d=Rh and thengradually approahes the vh ∝ d−1 law expeted for a onstant density medium. In thissenario:
D(t) =

{

2

(

K(z) + aδ
0 A

[

ρ0

ρIGM(1 + z)3

]1/2

t

)}1/2

and (14)
vh(t) = aδ

0 A

[

ρ0

ρIGM(1 + z)3

]1/2

/D(t), (15)where
K(z) =

1

2
R2

h(z) − R
(2−δ)
h (z)

aδ
0

2 − δ

[

ρ0

ρIGM(1 + z)3

]1/2 (16)is a redshift-dependent onstant providing that the time orresponding to D=Rhin Eqs. (10) and (14) is the same.� Senario B where the jet's head veloity aross the interfae remains ontinuousand therefore mathed to the value given by Eq. (11) for D=Rh. This an be ahievedonly with an abrupt �aring of the jet's opening angle. Under this ondition the modelpredits:
D(t) =

{

2

(

A Rδ
h(z) t − R2

h(z)
δ

2(2 − δ)

)}1/2

and, (17)
vh(t) = A Rδ

h(z)/D(t). (18)
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The sound speed in the IGM is given by
sIGM(z) =

[

Γ(kT )IGM

µ mH

]1/2

(1 + z). (19)Given the values Γ=5/3, µ=1.4 and (kT )IGM=25 keV, the sound speed limiting thesoure (lobe) axial expansion veloity is sIGM ≈ 0.0056 c at z ≈ 0, and sIGM ≈ 0.0169 cat z ≈ 2. The time dependenes of the soure size D(t) alulated from Eqs. (10), (14)and (17), as well as of the axial expansion veloity v(t) alulated from Eqs. (12), (15)and (18) for the three ases: Qjet=1037.5 W and z=0.5, Qjet=1038.5 W and z=1.0, and
Qjet=1039.5 W and z=2.0, are shown in Figures (10) and (11), respetively.To ompare these preditions with the observations, three di�erent samples of FRII-type radio soures have been seleted.5.3 Seletion of the samples5.3.1 Sample 1 (GRG sample)The revised sample of FRII-type radio soures with 0.5<z<1 and the projeted linearsize larger 1 Mp, ompiled from the literature, is presented in Table (1). Columns(1)�(5) are selfexplanatory. Entries in olumns (6)�(10) are the data used to determinethe age and other physial parameters of the sample soures. Some neessary referenesare given in the Notes.5.3.2 Sample 2 (Distant-soure sample)The seond sample of FRII-type soures larger than 400 kp and having z>1 onsistsof a few soures known from the literature and the soures found in this paper. Thelatter part of this sample results from the dediated researh projet attempting todetermine how large linear size FRII-type radio soures an ahieve at redshifts 1<z<2.This part was preseleted using the modern Sloan Digital Sky Survey (hereafter referredto as SDSS: Adelman-MCarthy et al. 2007) as the �nding survey. The optial objetsextrated from the SDSS, ful�lling the above redshift riterion and lassi�ed either as agalaxy (G) or a QSO (Q), were then ross-orrelated with the radio 1.4-GHz sky surveyFIRST (Beker, White & Helfand 1995). In the seond step, all optial objets stritlyoiniding with a ompat radio soure, i.e. with a potential radio ore, were subjet tothe further seletion. In the third step, we have heked whether the (ore) omponentis surrounded by a pair of nearly symmetri, possibly extended radio strutures (lobes)with an angular separation providing a projeted linear size D>

∼
400 kp. All andidateswere veri�ed by an inspetion of their images (if exist) in other available radio surveys,31



namely the 1.4-GHz NVSS (Condon et al. 1998), 325-MHz WENSS (Rengelink et al.1997), and 74-MHz VLSS (Cohen et al. 2007). The assumed osmology predits thata maximum of the linear size/angular size quotient at z>1 is ∼8.55 kp/" whih, inturn, implies that a soure larger than 400 kp should have θ>
∼
47". All radio souresseleted this way from the SDSS are lassi�ed as QSO. The �nal sample is presented inTable (2). All olumns give the similar data as those in Table (1). The radio images ofexemplary sample soures, made using ombined UV-data from the NVSS and FIRSTsurveys, are shown in Figures (13) - (15).However, in order to use this sample to onstrain the analytial G-KW model,besides the redshift and linear size of the member soures, one has to determine theirage and other physial parameters whih is not attainable without an informationabout the radio spetrum within wide-enough spetral range and providing the radioluminosity of a given soure at least three or more di�erent observing frequenies. Forthe large part of the Sample 2 it was possible to use �ux densities from the radioatalogues: VLSS (74 MHz), 6C and 7C (151 MHz; Hales et al. 1988 and Riley et al.1999, respetively), WENSS (325 MHz), B3 (408 MHz; Vigotti et al. 1999, NVSS (1.4GHz) and GB6 (4.85 MHz; Gregory et al. 1996). It is worth to notie that three QSOsin Sample 2 have the (projeted) linear size larger than 1 Mp.5.3.3 Sample 3 (3CRR sample)The third observational sample omprises 3CRR FRII-type soures with z>0.5 butsize smaller than 400 kp (exept of 3C265 and 3C292 whih are larger). For thereason to have homogeneous and omplete data for radio spetra of the sample souresneessary for estimation of their dynamial age and orresponding physial parameters(jet power, mean expansion veloity, et.), this sample is limited to soures with thegalati latitude of δII > 30o where good spetral data are available from the low-frequeny radio surveys: VLSS, 6C, 7C and WENSS. The sample soures are listed inTable (3).
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Table 1: The sample of FRII-type soures with 0.5<z<1 and D>1 Mp. The radioluminosities are given in units of WHz−1s−1. The low-frequeny luminosity, Plf , isdetermined either at 74 MHz (marked a) or 151 MHz (b) or 325 MHz ().IAU name Survey z Id. D Rt θ log log log Notes[kp℄ [o℄ Plf P1400 P4850(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)J0037+0027 0.5908 G 1976 5.0 90 26.103a 25.149 24.606 (4,5)B0654+482 7C 0.776 G 1002 4.0 90 26.120b 25.262 24.733 (1)J0750+656 0.747 Q 1606 4.0 90 26.189a 25.255 24.715 (3)B0821+695 8C 0.538 G 2580 3.0 90 26.142b 25.106 24.525 (2)B0854+399 B2 0.528 G 1014 2.7 70 26.385b 25.627 25.098B1058+368 7C 0.750 G 1100 4.2 90 26.192b 25.412 24.809 (1)J1130−1320 PKS 0.6337 Q 2033 3.8 90 27.275a 26.198 25.613 (4,5)B1602+376 7C 0.814 G 1376 2.6 90 26.292b 25.486 24.936 (1)B1636+418 7C 0.867 G 1004 3.9 90 26.006b 25.273 24.701 (1)B1834+620 WNB 0.5194 G 1384 4.1 90 26.361b 25.555 25.067 (6)J1951+706 0.550 G 1300 4.5 90 25.974a 24.894 24.448 (3)J2234−0224 0.55 Q 1266 4.5 90 � 24.840 � (4,5)Notes: (1)�Cotter et al. (1996); (2)�Lara et al. (2000); (3)�Lara et al. (2001); (4)�Koziel-Wierzbowska (2008); (5)�Mahalski et al. (2007b); (6)� Shoenmakers et al.(2000)
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Table 2: The sample of FRII-type soures with 1<z<2 and D>400 kp. The radioluminosities are in units of WHz−1s−1. The low-frequeny luminosity marked a, b, � as in Table (1). The values in parenthesis are approximated beause of less ertainsubtration of the ore ontribution. The soures identi�ed in this paper are markedwith the asterix following their name.IAU name Survey z Id. D Rt θ log log log Notes[kp℄ [o℄ Plf P1400 P4850(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)J0245+0108 * 1.537 Q 456 3.6 70 27.822a 26.658 26.087J0809+2015 * 1.129 Q 465 3.1 70 � (25.61) (25.02) (1)J0809+2912 * 1.481 Q 1120 3.0 70 27.234a 26.476 26.015J0812+3031 * 1.312 Q 1240 3.0 70 25.504c 25.032 � (2)J0819+0549 * 1.701 Q 985 3.0 70 � 25.578 � (1,2)J0839+2928 * 1.136 Q 417 2.3 45 26.813a 25.882 25.364J0842+2147 * 1.182 Q 1080 3.0 70 � 25.425 � (1,2)J0857+0906 * 1.688 Q 506 4.5 70 27.357a 26.276 25.763J0902+5707 * 1.595 Q 862 4.0 70 25.905c 25.325 � (2)J0906+0832 * 1.617 Q 682 3.6 70 � 25.750 � (1,2)J0947+5154 * 1.063 Q 478 3.9 70 27.002a 25.767 25.157J0952+0628 * 1.362 Q 551 4.3 70 27.081a 25.988 25.508B1011+365 6C 1.042 G 416 3.5 70 26.902b 26.204 25.680J1030+5310 * 1.197 Q 835 3.0 90 26.336b 25.481 24.945J1039+0714 * 1.536 Q 501 3.0 70 � 25.450 � (1,2)B1108+359 3C252 1.105 G 493 3.0 70 28.164a 26.921 26.282B1109+437 B3 1.664 Q 488 4.5 70 28.092a 27.357 26.812J1130+3628 * 1.072 Q 422 3.0 50 25.992b 25.277 (24.67)J1207−0244 * 1.100 Q 444 3.0 50 26.590a 25.407 � (2)J1434−0123 * 1.020 Q 490 3.0 50 26.894a 25.763 � (2)J1550+3652 * 2.061 Q 675 3.0 70 26.771b 26.041 25.527J1706+3214 * 1.070 Q 438 3.0 50 26.757a 25.682 25.150B1723+510 3C356 1.079 G 614 4.0 70 27.875b 26.916 26.304J2345−0936 * 1.275 Q 513 3.2 90 27.318a 26.266 (25.62)B2352+796 3C469.1 1.336 G 626 4.4 70 28.269a 27.167 26.628Notes: (1)�o� the 7C andWENSS surveys; (2)�o� the 4.85-GHz GB6 or PMN6 (Gri�thet al. 1995) surveys or below their �ux density limit
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Table 3: 3CRR sample of FRII-type soures with z>0.5 and δ > 30oSoure z Id. D Rt θ log log log Notes[kp℄ [o℄ Plf P1400 P4850(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)3C6.1 0.8404 G 199 2.7 70 27.706a 26.938 26.494 (1)3C13 1.351 G 237 3.0 70 28.261a 27.259 26.682 (1)3C22 0.937 G 190 3.0 70 27.780a 26.920 26.403 (1)3C34 0.689 G 341 4.3 90 27.656a 26.474 25.815 (1)3C41 0.794 G 175 2.4 70 27.404b 26.851 26.491 (1)3C54 0.8284 G 401 3.9 70 27.670a 26.644 26.1683C65 1.174 G 142 2.3 70 28.077b 27.296 26.761 (1)3C68.1 1.238 Q 386 2.4 50 27.967b 27.239 26.7673C68.2 1.575 G 191 2.3 70 28.290b 27.259 26.5483C169.1 0.633 G 315 2.7 70 27.287a 26.214 25.700 (1)3C184 0.99 G 35 70 27.832a 27.017 26.514 (1)3C196 0.871 Q 39 1.5 30 28.522a 27.605 27.117 (1)3C204 1.112 Q 257 3.4 70 28.032a 26.857 26.267 (1)3C205 1.534 Q 134 4.2 70 28.329a 27.469 26.903 (1)3C217 0.898 G 86 4.0 70 27.796a 26.853 26.318 (1)3C220.1 0.610 G 86 4.0 70 27.541a 26.469 25.875 (1)3C220.3 0.685 G 52 3.0 70 27.425b 26.710 26.0453C239 1.786 G 96 1.4 70 28.483b 27.541 26.9143C247 0.749 G 95 2.4 70 27.350b 26.746 26.2843C254 0.734 Q 96 2.0 50 27.974a 26.791 26.198 (1)3C263 0.6563 Q 307 2.7 50 27.616a 26.634 26.182 (1)3C263.1 0.824 G 41 1.7 70 27.696b 26.911 26.3693C265 0.8108 G 587 3.9 70 27.775b 26.859 26.3103C266 1.275 G 36 2.4 70 27.981b 27.137 26.5093C268.4 1.400 Q 83 2.8 50 28.123a 27.273 26.774 (1)3C270.1 1.519 Q 102 1.3 50 28.314a 27.478 26.9173C272 0.944 G 461 3.3 70 27.417b 26.708 26.1353C280 0.996 G 113 1.5 70 27.990b 27.288 26.8293C280.1 1.659 Q 169 4.0 70 28.267a 27.343 26.771 (1)3C289 0.967 G 81 1.3 70 27.686b 26.966 26.4303C292 0.71 G 960 4.2 90 27.406b 26.547 26.0753C294 1.779 G 135 1.9 70 28.413b 27.431 26.8403C322 1.681 G 283 2.5 70 28.171b 27.485 26.9543C324 1.207 G 85 1.8 70 27.999b 27.257 26.7123C325 0.860 G 122 2.2 70 27.657b 27.011 26.4813C330 0.549 G 395 5.4 90 27.432b 26.771 26.3343C337 0.635 G 295 2.5 70 27.522a 26.599 26.125 (1)3C352 0.8057 G 75 2.3 70 27.695a 26.699 26.108 (1)3C427.1 0.572 G 153 2.2 70 27.437b 26.634 26.0713C437 1.48 G 316 3.9 70 28.086b 27.481 27.0303C441 0.707 G 236 2.5 70 27.395b 26.636 26.1663C470 1.653 G 205 4.0 70 28.269a 27.444 26.952 (1)
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5.4 Ageing analysis of the samples' souresThe dynamial age analysis is performed using the DYNAGE algorithm. It is based onthe analytial KDA model (f. Setion 3.2). The original KDA model, assuming valuesfor a number of free parameters of the model, allows to predit a time evolution ofthe soure's length, D, and radio luminosity, Pν , at a given observing frequeny. TheDYNAGE algorithm enables us to solve a reverse problem: to �nd values of t, αinj, Qjetand ρ0 for a real soure. Determination of these values is possible by a �t to the fourobservational parameters of the soure: its size D, the volume V , the radio luminosity
Pν and the radio spetrum αν , whih provides Pν,i at a number of observing frequenies
i=1, 2, 3,... As in KDA, a ylindrial geometry of the soure's ooon is adopted (whereits volume is determined by the deprojeted length D/ sin θ and the axial ratio Rt).The values of Rt are estimated from the low-frequeny radio images, and an angleof orientation of the jet axis to the observer's line of sight, θ, is subjetively estimatedfrom the observed asymmetry in the lobes' arms and brightness. The values of thesetwo parameters are given in olumns (6) and (7) of Tables (1) and (2), and in olumns(5) and (6) in Table (3).In order to determine luminosities, Pν,i, of the sample soures, the �ux density intheir lobes at a number of frequenies has to be �xed (i.e. to subtrat a �ux ontributionfrom the ompat omponents like the radio ore and hot spots in these lobes.) Thiswas espeially important for the sample soures identi�ed with quasars. The resultingluminosities at three observing frequenies: the lowest frequeny applied (74, 151 or325 MHz), the medium one of 1.4 GHz and the highest one of 4.85 GHz, are given inolumns (8)�(10) in Tables (1) and (2), as well as in olumns (7)�(9) in Table (3).The values of other free parameters of the model have to be assumed. These valuesare listed in Table (4), where γi,min and γi,max are the Lorentz fators determining theenergy range of the relativisti partiles used in integration of their initial power-lawdistribution, Γj, Γa, ΓB, and Γc are the adiabati indies in the equation of state forthe jet material, the unshoked medium surrounding the lobes, a "magneti" �uid, andthe soure (ooon) as a whole, respetively, and k′ is the ratio of the energy densityof thermal partiles to that of the relativisti partiles. The more detailed desrip-tion of appliation of the above algorithm to observed radio strutures is published inMahalski et al. (2009).Table 4: Assumed values of the KDA model free parameters

a0 β γi,min γi,max Γj Γa ΓB Γc k′10 kp 3/2 1 107 5/3 5/3 5/3 5/3 0
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5.5 Results of the modelingThe resulting values of the age and other physial parameters of the sample soures aregiven in Tables (5), (6) and (7) (for the Sample 1, 2 and 3, respetively). Columns (2)and (3) give the dynamial age, t, and the e�etive, initial slope of the radio spetrum
αinj. Columns (4) � (7): (in the logarithmi sale) the jet power, Qjet, the entral oredensity, ρ0, pressure along the jet axis, ph, and the total energy radiated out duringthe age of soure, Uc. The age t and the �tted values of Qjet and ρ0 ful�l the dynamialequation

t =

(

D

c1

)
5−β

3

(

ρ0a
β
0

Qjet

)1/3

. (20)The energy density ful�lling the energy equipartition ondition is alulated from
ueq(t) =

18 c
(2−β)
1
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(

ρ0a
β
0

)
3

5−β

Q
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jet t−
4+β
5−β , (21)where Phc=(2.14−0.52β)R2.04−0.25β

t is the empirial formula for the pressure ratio alongthe jet axis and the transverse diretion taken from Kaiser (2000). The total radiatedenergy is simply Uc=ueq × Vc, where the soure (ooon) volume attained at the age tis Vc=(π/4) D3/(2Rt)
2. Column (8) gives the magneti �eld strength estimate derivedfrom
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nT, (22)where the magneti �eld energy density is uB=ueq(1 + p)/(5 + p). The last olumn (9)gives the atual expansion veloity along the jet axis whih is the derivative of the D(t)funtion
v(t) =
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t
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5.6 Observational onstrain of the model
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5.6.1 Comparison of the Model's Predition with the Observational DataThe model's preditions, i.e. the dependenes of the deprojeted linear size and thejet's head veloity on the soure's age (D/sinφ vs t and vh/c vs t, respetively) � areompared with the data determined for the sampled soures and given in Tables (5),(6) and (7). Figure (10) shows the dependene of D/sinφ on t. The model's preditionsare presented for three di�erent sets of values of jet power and redshift: z = 0.5 and
Qjet = 1037.5[W ], z = 1 and Qjet = 1038.5[W ]), z = 2 and Qjet = 1039.5[W ]), marked "1","2", and "3", respetively. The above dependenes predited in the frame of senarioA are drawn with the solid lines, while these for senario B � with the dashed lines.The points of bifuration of the model's preditions into senario A and senario Borrespond to the halo diameter dependent on redshift, 2Rh(z) (on the ordinate axis)and to the related age (on the absissa axis.) The ends of both solid and dashed linesindiate a maximum size and age at whih the predited expansion veloity reahesthe speed of sound. The rosses show the distribution of the GRGs from Sample 1, thefull irles � the distant soures (mostly QSOs) from Sample 2, and the open irles �the 3CRR soures from Sample 3.The dependene of vh/c on t is shown in Figure (11). The model's preditions andthe sample soures are indiated with the lines and symbols as in Figure (10). Therapid inrease of vh/c in the frame of senario A results from the disontinuities of ρ(r)and kT (r) at the halo-IGM interfae (Figure (9)). The three horizontal dotted linesindiate the predited lower values of the axial expansion veloity, vh,min/c, limited bythe sound speed at the given values of redshift.The maximum size whih any FRII-type radio soure an reah with a given valueof vh,min/c, (i.e. at the orresponding redshift) depends on the jet power (Figure (12)).The size Dmax in the frame of senario A, as a funtion of vh,min/c (or z), is plotted forthree values of Qjet onsidered above.
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Figure 10: D vs t diagrams for three sets of the jet power and redshift. The solid linesindiate the model preditions in the frame of Senario A, the dashed lines - in Senario B.The soures from the Samples 1, 2, and 3 are plotted with the rosses, full dots, and openirles, respetively.
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Figure 11: vh/c vs t diagrams for the same sets of the model parameters as in Figure (10). Thethree horizontal dotted lines indiate the lower limits for the expansion veloity determinedby the sound speed at a given redshift.
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Figure 12: Dmax vs vmin/c diagrams for three values of the jet power.
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5.6.2 Age and physial parameters of the sample souresThe three samples used di�er signi�antly in the distribution of �tted age of theirmembers. A median of age in the Sample 1, 2 and 3 is 65 ± 8 Myr, 22 ± 2.5 Myr, and
4±1 Myr, respetively. A median linear size in these samples is ∼1330 kp, ∼510 kp,and ∼145 kp, respetively. As the Samples 1 and 2 omprise the largest soures (ofFRII type only) eah of them in di�erent redshift range, and this range in the Sample2 is twie the range of the Sample 1 � we ompare the D − z dependene for thesesoures with that found in other samples unlimited in linear size of their members (e.g.Eales 1985; Barthel & Miley 1988). Sine the Sample 1, i.e. the sample of known high-redshift GRSs, is very small and onsists of 12 soures only, below we also onsider 12of the largest ones from the Sample 2. The relevant medians are: Dmed = 1330 ± 120kp at zmed = 0.60±0.10, and Dmed = 760±80 kp at zmed = 1.35±0.20, respetively.Assuming that Dmed ∝ (1 + z)−n

med, one an �nd n ≈ 1.5 whih is ompatible with avalue of this power ∼(1�2) determined in several samples of radio galaxies and quasars(e.g. Kapahi 1989). Therefore the above result agree with the trend observed in muhmore abundant samples of soures and on�rms that the largest linear size, whih asoure an ahieve before dimming below the detetion limit, inevitably dereases withredshift irrespetive of a osmologial evolution of the IGM (f. Nilsson et al. 1993).In order to enlighten the latter problem, it is worth to pay an attention to thepressure at the head of lobes (along the jet's axis), ph, given in olumn 6 of Tables (5),(6) and (7). This pressure is determined in the DYNAGE as
ph = Phc(Rt)pc(Rt, t), (24)where Phc is the pressure ratio (f. Setion 5.5), and pc = (Γc − 1)ueq, where ueq isgiven by Eq. (21). The median of this pressure, ph,med, for soures in the Sample 1 andSample 2 is ∼ 10−12.0 N/m2 and ∼ 10−10.8 N/m2, respetively, thus a (mean) pressureat the head of lobes of the soures within the redshift range z[1, 2℄ is about 16 timeshigher than that for the soures within z[0.5, 1℄. If so, it is more than twie higher thana ratio implied from the formula giving pressure of a non-relativisti, homogeneousIGM in thermal equilibrium, p(z) = p0(1 + z)5, where p0 is the present-day pressure(Subrahmanyan & Saripalli 1993). We return to this point in the Setion 5.7.5.7 Disussion of the results and onlusionThe distribution of soures on the planes D/sinφ � t and Vh/c � t (in Figures (10)and (11), respetively) is more or less ompatible with model's predition, however thesamples used to onstrain the model may be to small to be deisive. So, muh largersamples of soures with reliably determined ages would support or impair the inferenesdrawn as follows:
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(i) Senario B is rather exluded beause both the maximum size, Dmax ∼ 600 kp,and the orresponding age, tmax ∼ 70 Myr allowed by the model are evidently smallerand younger then the observed values of those parameters for the sample soures. Alsohigh-dynamis radio observations show no evidene for a �aring of the jets in FRII-typesoures; oppositely the jets in these soures are rather reollimated in viinity of theradio ore.(ii) As expeted, the inferred expansion veloity, vh/c, of all the soures used toonstrain the G-KW model are higher than the limiting sound speed marked in Figure(11). This result on�rms a ommon believe that the heads of lobes of FRII typesoures are overpressured with respet to the external gaseous medium. We note thatthe lowest expansion veloities of the largest soures, i.e. these in the Samples 1 and 2,are omparable to those of muh smaller soures in the Sample 3.(iii) The age of the three soures in Sample 2 is probably underestimated and theorresponding expansion veloity � overestimated (the three full dots with t < 10 Myrand vh > 0.1 c in Figures (10) and (11)) due to possible relativisti e�ets (f. Arshakian& Longair 2000). All are lassi�ed as quasars, and the two of them (J0809+2912 andJ1550+3652) are highly asymmetri in their lobes' brightness. If a probable anisotropiradiation is diserned and the proper luminosity of the ooon is taken into alulations,the age of these soures would be older and the expansion veloity � lower than thevalues in Table (6).(iv) The pressure in the di�use lobes of the largest radio soures seems to o�era tool useful for an estimation of the IGM pressure. If the axial pressure in lobes ofthe largest observed soures, espeially these in the Sample 2, is lose to equilibriumwith the IGM pressure, the inferred values of ph would suggest even stronger densityevolution of the IGM than ρIGM ∝ (1+z)3. However, radio images of the soures in theSample 2 evidently indiate a presene of hot spots whih, in turn, may on�rm thatthe hot spot regions are highly overpressured with respet to the IGM, and the atualage of soures annot be onsidered as a lifetime. Moreover, the "DYNAGE" �ts showthat the jet powers of the most distant soures are signi�antly higher than that forsoures of a similar age but at low redshifts z < 0.2. The median age in the Sample 2 is
∼ 22 Myr. An inspetion of the ompilation of over 200 radio galaxies and quasars withthe dynamial ages �tted using the "DYNAGE" method (the data unpublished yet)resulted in only 7 radio galaxies of age of about 25 Myr and lying within the redshiftrange z ∈ [0.1, 0.2℄. These galaxies and their observational and dynamial parametersare listed in Table (8).The median jet power, Qjet,med, in the Sample 2 (f. Table (6)) is ∼ 1.8 × 1039W, while that for the galaxies in Table (8) is ∼ 2.8 × 1037 W. We argue that thisis very unlikely to �nd so young FRII type radio soures at redshift below 0.2 anddriven by jets more powerful than 1038 W. (although this may be partly aused bythe seletion e�et). In fat, searhing for high-redshift soures we probe a muh largerspae volume than the volume orresponding to a low redshift. Probably therefore this43



Table 5: Age and physial parameters of the soures in Sample 1.IAU name t αinj logQjet log ρ0 log ph logUc Beq vh/[Myr℄ [W℄ [kg/m3℄ [N/m2℄ [J℄ [nT℄(1) (2) (3) (4) (5) (6) (7) (8) (9)J0037+0027 59.0 0.506 38.474 −23.311 −12.13 53.00 0.16 0.047B0654+482 57.0 0.555 38.296 −22.741 −11.68 52.92 0.33 0.024J0750+656 39.0 0.507 38.563 −23.670 −12.20 53.02 0.18 0.057B0821+695 135.0 0.645 38.710 −22.968 −12.45 53.84 0.17 0.027B0854+399 69.0 0.522 38.362 −22.992 −12.04 53.24 0.29 0.023B1058+368 57.0 0.545 38.384 −22.741 −11.66 52.98 0.32 0.027J1130−1320 100.0 0.537 39.005 −22.431 −11.71 53.90 0.33 0.028B1602+376 47.0 0.524 38.621 −23.648 −12.35 53.35 0.22 0.041B1636+418 38.0 0.526 38.367 −23.229 −11.82 52.83 0.29 0.037B1834+620 75.0 0.533 38.455 −22.688 −11.80 53.18 0.28 0.026J1951+706 73.0 0.525 38.061 −22.921 −12.02 52.73 0.25 0.025J2234−0224 (91.0) (38.1) (−22.55) 0.019
is why the only low-redshift and very powerful radio galaxy known is Cygnus A with
t ≈ 8 Myr, D = 135 kp, and Qjet ≈ 1.4 × 1039 W (f. Mahalski et al. (2007a), theabove result strongly suggests that the dynamial evolution of FRII type radio souresat high redshifts (in earlier osmologial epohs) is di�erent and faster than that ofsoures at low redshifts. The model onstrained in this Setion implies that giant-sizedsoures (with D > 1 Mp) an exist at redshifts as high as ∼ 2, however only if theirjets are powerful enough.
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Table 6: Age and physial parameters of the soures in Sample 2.IAU name t αinj logQjet log ρ0 log ph logUc Beq vh/[Myr℄ [W℄ [kg/m3℄ [N/m2℄ [J℄ [nT℄(1) (2) (3) (4) (5) (6) (7) (8) (9)J0245+0108 18.5 0.603 39.295 −22.153 −10.30 53.45 1.74 0.038J0809+2912 7.5 0.496 39.715 −24.555 −11.65 53.59 0.41 0.233J0839+2928 21.5 0.535 38.655 −23.031 −11.44 52.93 0.62 0.031J0857+0906 14.6 0.564 39.111 −22.629 −10.48 53.08 1.13 0.054J0947+5154 50.5 0.624 38.508 −21.616 −10.62 53.06 1.12 0.015J0952+0628 23.0 0.554 38.806 −22.453 −10.75 52.98 0.89 0.037B1011+365 18.1 0.542 38.752 −22.686 −10.76 52.94 1.00 0.036J1030+5310 28.0 0.548 38.605 −23.408 −11.77 53.05 0.38 0.042B1108+359 23.3 0.655 39.560 −21.913 −10.22 53.90 2.18 0.031B1109+437 4.3 0.544 40.028 −23.238 −10.04 53.47 1.87 0.175J1130+3628 29.5 0.536 38.180 −22.898 −11.39 52.53 0.47 0.027J1550+3652 6.6 0.511 39.340 −24.327 −11.42 53.16 0.53 0.160J1706+3214 36.6 0.572 38.460 −22.340 −11.00 52.90 0.72 0.022B1723+510 23.5 0.661 39.676 −21.881 −10.09 53.92 1.98 0.041J2345−0936 29.6 0.564 38.797 −22.308 −10.82 53.23 1.05 0.024B2352+796 16.0 0.578 39.747 −22.155 −10.08 53.74 1.83 0.058
(v) A di�erentiation of the jet's (highest) power at high and low redshifts perhapswould be a strong argument for the theoretial speulations about its dependene onthe properties of a blak hole (BH) in AGN: the spin of the BH (Blandford & Znajek1977) and/or the aretion proess and its rate (Sikora, Stawarz & Lasota 2007; Sikora2009). This is very likely that the aretion of matter onto the BH must play a dominantrole in the jets' prodution. This led to a presumption that more powerful jets an bedue to a larger amount of material available for the aretion proesses inside AGNformed at earlier osmologial epohs.Reasuming the above one an onlude as follows:� An observational quest for the largest radio soures of FRII type at high redshifts

1 < z < 2 resulted in the sample of 25 soures listed in Table (2), where 20 of 25 arefound in this paper. Beause the �nding sky survey used was the optial SDSS survey,all the newly radio-identi�ed optial objets appear to be quasars with the (projeted)linear size from ∼400 kp to ∼1200 kp. The above bias preluded a detetion of large,most distant and low-luminosity radio galaxies whose parent optial ounterpart willlikely be of ∼(22�24) R mag.� Though the samples used to onstrain the model are small, the observationaldata seem to be onordant with the preditions in the frame of Senario A. Howevermuh larger samples of distant soures with reliably determined ages will be more
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Table 7: Age and physial parameters of the soures in Sample 3.The age solution forthe soures whih name is followed by the asterix is provided by J. Mahalski.IAU name t αinj logQjet log ρ0 log ph logUc Beq vh/[Myr℄ [W℄ [kg/m3℄ [N/m2℄ [J℄ [nT℄(1) (2) (3) (4) (5) (6) (7) (8) (9)3C6.1 5.12 0.564 39.298 −22.891 −10.08 53.03 2.75 0.0573C13 5.87 0.583 39.606 −22.549 −9.81 53.35 3.41 0.0603C22 4.68 0.559 39.316 −22.799 −9.92 52.96 3.03 0.0603C34 24.0 0.630 39.012 −21.434 −9.86 53.22 2.56 0.0183C41 1.52 0.534 39.580 −24.250 −10.34 52.85 2.21 0.1823C54* 15.2 0.562 39.141 −22.280 −10.26 53.17 1.64 0.0393C65 3.40 0.588 39.604 −22.881 −9.74 53.23 4.65 0.0653C68.1* 7.94 0.564 39.784 −23.053 −10.43 53.66 1.70 0.0893C68.2 4.35 0.771 40.209 −22.406 −9.41 53.94 6.97 0.0763C169.1 24.7 0.575 38.611 −22.230 −10.68 53.02 1.37 0.0193C184 0.37 0.577 39.471 −23.395 −8.46 52.01 12.83 0.1423C196 0.60 0.579 40.042 −23.374 −8.91 52.82 10.14 0.1883C204 11.6 0.625 39.350 −21.969 −9.76 53.36 3.28 0.0353C205 1.45 0.584 39.949 −22.840 −8.98 52.95 6.76 0.1433C217 1.87 0.588 39.301 −22.481 −8.97 52.41 7.08 0.0683C220.1 11.0 0.610 38.900 −21.653 −9.53 52.78 3.74 0.0243C220.3 1.92 0.580 38.955 −22.345 −8.97 52.21 9.01 0.0403C239* 2.90 0.673 39.903 −22.904 −9.68 53.60 7.61 0.0523C247* 1.70 0.547 39.182 −23.182 −9.88 52.50 3.77 0.0873C254 5.60 0.627 39.172 −22.240 −9.60 52.98 5.18 0.0313C263 12.8 0.557 39.126 −22.584 −10.44 53.15 1.53 0.0443C263.1* 1.30 0.600 39.133 −23.110 −9.40 52.43 8.83 0.0503C265* 27.0 0.609 39.415 −21.905 −10.25 53.72 1.66 0.0343C266* 0.86 0.639 39.462 −22.674 −8.64 52.48 16.12 0.0653C268.4 0.95 0.574 39.809 −23.280 −9.15 52.70 6.56 0.1593C270.1* 2.35 0.568 39.708 −23.458 −10.07 53.26 4.30 0.0793C272* 19.0 0.557 39.132 −22.484 −10.57 53.37 1.32 0.0383C280* 2.60 0.560 39.520 −23.578 −10.23 53.16 3.76 0.0683C280.1 2.50 0.574 39.795 −22.635 −9.23 53.03 5.24 0.1003C289* 3.60 0.571 39.080 −23.296 −10.30 52.88 3.92 0.0353C292* 38.0 0.566 39.180 −22.266 −10.86 53.60 0.81 0.0353C294* 3.65 0.683 39.950 −22.611 −9.54 53.67 6.95 0.0583C322* 4.00 0.557 39.908 −23.310 −10.16 53.58 2.66 0.1113C324* 2.20 0.584 39.471 −23.117 −9.71 52.98 5.91 0.0613C325* 2.90 0.566 39.320 −23.197 −9.95 52.89 3.77 0.0663C330* 6.60 0.543 39.404 −22.699 −9.98 52.93 1.82 0.0843C337 11.3 0.553 38.999 −22.853 −10.64 53.10 1.53 0.0393C352 2.96 0.595 38.986 −22.631 −9.55 52.53 5.78 0.0383C427.1* 9.10 0.592 38.903 −22.498 −10.18 52.98 2.91 0.0263C437* 2.42 0.546 40.113 −23.405 −9.80 53.37 2.78 0.2053C441* 10.0 0.556 38.984 −22.764 −10.45 53.05 1.91 0.0373C470 1.97 0.550 39.973 −23.063 −9.41 53.10 4.25 0.15546



Table 8: Observational and dynamial parameters of seven FRII-type radio galaxieswith 0.1<
∼
z<
∼
0.2, for whih their dynamial age determined with the DYNAGE is 12Myr<t<36 Myr.Name z D[kp℄ logP1400 t[Myr℄ logQjet log ρ0[W/(Hz·sr)℄ [W℄ [kg/m3℄3C332 0.1515 229 25.07 36 37.45 −22.603C349 0.205 287 25.46 29 37.91 −22.443C357 0.1664 296 25.20 24 37.77 −22.963C381 0.1605 199 25.29 25 37.66 −22.76B0908+376 0.1047 229 24.12 20 36.50 −23.59B1130+339 0.2227 99 24.98 12 37.38 −23.01B1457+292 0.146 172 24.15 28 36.80 −23.99

deisive for the above aim.� The derived lowest values of the lobes' head pressure, ph, evidently higher thanthe limiting sound speed at di�erent redshifts, strongly suggest that heads of even thelargest soures at high redshifts are still overpressured with respet to the IGM.� An existene of giant-sized radio soures at high redshifts is possible due toextremely high power of their jets up to ∼ 1040 W. Suh the highest jet powers arelikely related to the aretion proesses onto massive blak holes in the entral AGN,whih might be very e�ient in the nulei formed at earlier osmologial epohs.
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Figure 13: 1400 MHz VLA maps of the soures J0809+2912 and J1039+0714. The NVSSimages (gray sale) are ombined with the FIRST ontour maps. Total intensity, logarithmiontours are spaed by a fator of 2, starting with a value of 1.0 mJy/beam (exept J1434-0123starting with 0.2 mJy/beam).
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Figure 14: The same as in Figure (13) but for J1130+3628 and J1207-0244
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Figure 15: The same as in Figure (13) but for J1434-0123 and J1706+3214
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6 Modi�ation of KDA model to its version applia-ble for radio soures with non-ontinuous ativity6.1 The argument for an extension of the basi KDA modelThe KDA model of radio galaxy's dynamial evolution is based on the assumption thatthe nulear ativity of FR II type radio soure is ontinuous. That model is appliableonly for the ase of young radio soures with regular radio spetra. However, severalobservations of FR II type radio soures indiate that their high frequeny spetraare steeper than αinj + 0.5 and their lobes seem to be no longer powered with anin�ow of new, relativisti partiles. In suh a ase they may be relatively old souresin whih their nulear ativity stopped at some time in the past. Among the observedradio soures with steep spetra one an �nd many examples of giant radio souresand so-alled radio soures with restarted ativity (the double-double radio strutureomposed of outer and inner lobes) where the high-frequeny spetra of the outer lobesare signi�antly steeper than expeted from the KDA ontinuum-injetion model (seeSetion 3.4.3).Applying the original KDA model to the FR II type radio soures with highly steep-ened high frequeny spetrum usually results in very poor �t of the model spetrum.In partiular, it is di�ult to determine a satisfatory age solutions by the best �t ofmodel's free parameters to the observables. That implies that studying the dynamisof suh radio soures demands a more omplex tool - extended dynamial model forFR II type soures.6.2 Extension of the original KDA model6.2.1 General basis of the extended modelThe extended model of the dynamis of FR II type radio soures with steeply benthigh frequeny spetra is developed in this Thesis. The following basi aspets aretaken into aount while developing it.1. The new model has to desribe the proess of radio power's easing after termi-nation of the in�ow of relativisti partiles to the lobes. After swithing o� the jet, theradio lobes starts a quiker loose of its radio power than during the ontinuous injetionproess. This appears in a muh stronger steeping of the observed radio spetra at highfrequenies due to rapid derease of the highest-energy partiles.2. The information that the jets stopped to supply energy to the radio struturepropagates from the AGN to the radio lobes with the speed of sound. There are ar-guments for a relatively low internal sound speed in the lobes. These onditions areful�lled in the presene of signi�ant mixing of the lobe material with the surroundinggaseous environment (Kaiser at al., 2000). It implies that after swithing o� the jets,
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for a long time the adiabati evolution of the ooon is the same as it was before ter-minating the nulear ativity. However, for small and overpressured (with respet tothe external medium) ooon, the internal sound speed an be high and its adiabatievolution an slow down in a relatively short time. Suh a senario was onsidered byKaiser & Cotter (2002) for an inative spherial soure (their model B). That modelof the soure dynamis after the jet swith o� is applied in the extended KDA modelpresented in this Setion.3. The extended model demands one more free parameter of the model i.e. the timeof the jet's "swith o�", tbr.6.2.2 Adiabati evolution of the ooon in the ase of terminated nulearativityThe lifetime of the phase of preserved lobes expansion after jet's termination isstrongly dependent on the internal sound speed. In the ase of relatively small andyoung soures, or in the absene of signi�ant mixing of the lobes material with theexternal gas, it may have very high values. The information about the jet termination isthen travelling very fast through the ooon and the dynamis and expansion veloityof the heading shok wave hanges quikly due to this proess. On the ontrary, whenthe soure is relatively large and its internal sound speed is low, the information aboutjets termination propagates very slowly. For a long time the lobes ontinues to expandat the same rate as it was in the ative phase.After swithing o� the supply of new partiles to the ooon, the lobe may still beoverpressured with respet to the external medium and it ontinues to expand behindthe bow shok. It enter so-alled "oasting phase". As mentioned in subsetion 6.2.1,the dynamial evolution of a spherial soure (supernova remnant) during that phasewas analysed by Kaiser & Cotter (2002). They assumed that the bow shok of thesoure is spherial and evolve with time aording to the radius of RS ∝ t2/(5−β), thepower-law density distribution of the external gas is ρa(r) = ρ0(r/a0)
−β (f. Setion3.1), and the pressure of the ooon, pc, is uniform. With these assumptions theysolved equation of state for the spherial approximation of the soure. Their solutionis a steady-state similarity solutions from whih one an identify the soure radius Rcwith the lobe's length D in the KDA model. After some transformation the extendedformula for the ooon length, desribing its adiabati evolution before and after thetermination of jets ativity, is given by:
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(25)where Γc is the adiabati index of the ooon and D(tbr) is its length at the time of52



swithing o� the energy supply.6.2.3 Spetral ageing in the synhrotron theoryA single, relativisti partile with the energy γ ≫ m0c
2 deelerates in the magneti�eld of strength B and in the presene of photons of the CMB. Its energy hangesaording to the formula:
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) (26)where νc is a "ritial" frequeny near the maximum of emission, and
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K5/3(z) dz, (27)where K5/3 is the modi�ed Bessel funtion of 5/3 order. Hereafter C1 and C2 are on-stants de�ned by Paholzyk (1970). The total energy spetrum of radiating partiles isalulated by integrating Eq. (27) over all frequenies, inluding energy loses due to themagneti �eld, B, and the magneti equivalent BiC of the inverse Compton saterringwith CMB photons:
−

dγ
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= C2{(Bsinθ)2 + B2

iC}γ
2. (28)This energy loss proess, desribed by Eq.(28) auses a harateristi "break energy"in the energy spetrum omprising partiles with di�erent energies. If the soure issupplied by a onstant �ow of the partiles (the Continous Injetion proess, hereafterCI), the "break energy" at soure's age, t, is equal to:

γ−1
br,CI = C2{(Bsinθ)2 + B2

iC}
2t (29)Appearane of γbr auses a "break frequeny" in the shape of the observed frequenyspetrum:

νbr = C1Bsin(θ)γ2
br (30)The break frequeny depends on the value of the pith angle of the eletrons and ofthe strength of the magneti �eld present at the time of observations. The Ja�e - Perola(hereafter referred to JP) model assumes that the pith angle of eletron distribution53



in the soure is mostly isotropi and all the partiles an have any possible pith angles.If the time of magneti �eld's izotropisation is small relative to the soure's age, thebreak frequeny is given by:
νbr,JP =

C1

C2
2

B

{(2/3B2 + B2
iC)(t − tbr)}2

(31)where C1/C
2
2 = 2.51422 · 1012 and BiC = 0.318(1 + z)2nT.6.2.4 The analytial formula for integration of radio powerIn the numerial modeling presented in This thesis, I use the bases of both CI andJP models of the spetral aging to introdue the new variable, νbr, into the basi KDAmodel of the radio soure's dynamis.Aording to the superposition priniple the �nal formula for total radio power ofthe seleted soure at a given frequeny an be rewritten as the sum of two integrals. Inthe extended model presented here, the �rst integral gives the soure power alulateduntil the time of the jet energy ut-o�, tbr, while the seond one adds the radio poweremitted from tbr until the atual age of the soure, t. Therefore, the total power of asoure (eg. its lobe) an be written as:

Pν(t) =

{

Pν(tmin, tbr) + Pν(tbr, t) for tbr > tmin

Pν(tmin, t) for tbr ≤ tmin
(32)In the above equation the �rst term orresponds to the integral given by Eq.(8) inSetion (3.2) where the upper limit of integration is hanged from t to tbr. The seondterm is given by:

Pν(tbr, t) =
σT c

6πν

r

r + 1
QjetP

(1−Γc)
Γc

hc

t
∫

t∗

G(ti)H(ti)dti, (33)where t∗ = tbr if tbr > tmin and t∗ = tmin if tbr ≤ tmin,
H(ti) = n0(ti)

γ3−pt
a1/3(p−2)
i

{t−a1/3 − a2(t, ti)γ}2−p

(

t

ti

)−a1(1/3+ΓB)

,

G(ti) =

1
∫

0

F (
ν/νbr,JP

x2 )x−p(1 − x)p−2dx

1
∫

0

F (
ν/νbr,CI

x2 )x−(p+1){1 − (1 − x)p−2}dx +
∞
∫

1

F (
ν/νbr,CI

x2 )x−(p+1)dx

,
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and the funtion F is given by Eq.(27). It should be noted that transient values of νbr,JPand νbr,CI are funtions of ti, i.e. the time of initial aeleration of radiating partiles.The sum of two integrals in the denominator of the funtion G(ti) results from di�erentform of these integrals in the ases of ν < νbr and ν ≥ νbr. It is alulated at every stepof radio power integration. All of the in�nitesimal values of integrated radio power aremultiplied by this funtion.6.2.5 Preditions of the extended modelIn order to study the in�uene of the extended model parameters on the observedradio spetrum and the Pν−D diagram, I use a �duial soure with a set of �xed modelparameters: αinj=0.51, Rt=3.0, β=1.5, k′=0, Γj=ΓC=ΓB=5/3, a0=10 kp, Qjet=1038W and ρ0=10−22 kg m−3.Figure (16) shows the radio power spetra (Pν vs. ν) of the �duial soure expetedfrom the extended model (solid urves) in omparison to the spetra predited withthe "ontinuum injetion" KDA model (dashed urves). These spetra are alulatedfor two di�erent values of redshift, z, and the jet swith o�-time, tbr.Figure (17) shows the P178 - D diagrams for the �duial soure at three di�erentvalues of redshift, z=0.1, 1 and 3, and for two di�erent values of tbr: 10 Myr and 100Myr (solid urves). As in Figure (16), the dashed urves indiate the relevant P178 - Ddiagrams expeted from the KDA model for a omparison. Figure (18) shows the sameplots, but for three di�erent values of β: 0, 1.5 and 1.9 and for z=0.1. Finally, Figure(19) present analogous P178 - D diagrams for the �duial soure with three di�erentvalues of ρ0: 10−21, 10−22 and 10−23 kg·m−3, and with �xed β=1.5.
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6.2.6 DisussionIn this Setion, I presented the dynamial evolution of FR II type soures and its evo-lutionary traks through the power-linear size (hereafter Pν −D) diagrams (Shklovskii1963). These diagrams, being a powerful tool for investigation of the time evolution ofradio soures, show evolving (dereasing) radio luminosity of a soure determined at agiven frequeny, Pν , as a funtion of its linear size, D, enlarging with time.Kaiser, Denett-Thorpe & Alexander (1997) presented the Pν − D diagrams forthe original KDA model applied to �duial FR II type radio soures with parametersadopted aording to the present knowledge about their physis. On the ontrary, Ipresented here analogous diagrams for the ase of terminated soure's nulear ativity.They indiate the very strong e�et of this termination on both linear size and radioluminosity of the lobes, espeially for the values of tbr muh lower than the atual ageod a soure, t. The harateristi breake of the Pν −D urves is more rapid in the aseof higher redshifts and lower values od β and ρ0.The radio power spetrum for the �duial soure (Figure (16)), plotted for theomparison of the in�uene of redshift and tbr on both KDA and extended model,shows that the strongest breaking of the spetra due to the rapid energy loses oursfor the higher redshift and the lower value of tbr. One an onlude that both the powerspetra and the P-D evolutionary traks are in a good agreement with our knowledgeabout the FR II type radio soures and their energy loses.I analysed also the relations between the soure's age and its lobes veloity, as wellas soure's age and its lobes internal pressure, for the seleted Pν − D traks. Theinstantaneous bow shok veloity vh (f. Figure (3)) is
vh(t) =

∂

∂t
D(t) (34)and is redued to di�erentiation of Eq. (25) that gives:

vh(t) =











c1
3

5−β

(

Qjet

ρ0aβ
0

)
1

5−β

t
β−2
5−β , t < tbr

c4D(tbr)t
−c4
br tc4−1, t ≥ tbr

(35)where c4 = 2(Γc+1)
Γc(7+3Γc−2β)

.
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Figures (20) - (23) present evolution of the lobe's head veloity given as the ratio of
c in funtion of the soure's age for both KDA and extended model. It is worth to notethat the rate of a derease of this veloity depends not only on tbr and β exponent, butalso is slightly di�erent for the values of Γc (for relativisti and old ooon material).Diagrams indiate that the proess of termination the soure's ativity strongly a�etsthe rate of lobes propagation also. The di�erene of this rate alulated for ontinuum-injetion and non ontinuum-injetion model inreases due to the higher value of βexponent, desribing the density pro�le of the external medium.In the ase of young age of the soure lobe's expansion veloity strongly depends onthe density pro�le of that medium (f. Figures (21) and (23)). Due to more and moreadvaned ageing of the radio soure this dependene is rapidly delining. For radiosoures with jet ut-o�s (f. Eq. (35)) it is even faster dereasing with age, beause the
β parameter is here relatively small ontribution in the formula desribing the lobe'shead veloity, but, on the ontrary, the same veloity begins to depend more stronglyon the value of Γc as the soure is ageing. It is visible also that for the assumed valueof β = 0 the distintion in lobe's veloity resulting from both models is very di�ultstarting from a given soure's age, and the same di�erene is muh more expliit in thease of these two models alulated for β = 1.5Following the disussion given by Kaiser & Cotter for their model B, I also assumethat the time evolution of the lobes pressure, pc (f. Setion 3.1), after swithing o�the soures nulear ativity, hanges its former derease aording to formula:

pc(t > tbr) = pc(tbr)

(

t

tbr

)−3Γcc4

. (36)Figures (24) - (25) present the behaviour of internal pressure of �duial soure'sexpanding lobes due to soure's growing age. Similarly to the lobe's head veloityanalysis, this evolutionary traks had been alulated for both KDA and extendedmodel and for di�erent values of β exponent. In the ase of both models the slope ofpressure's funtion is more steep for the β = 1.5, aording to Eq. (36). Regardlessof that fator the time evolution of lobe's internal pressure is faster and muh morerapid in the extended model, what is in good agreement with out physial intuition - inthe ase of jet's termination not only the derease of the lobe's head veloity, but alsothe gradual deline of that pressure is expeted to be observed. It is also noteworthythat in the ase of the extended model one an observed the exponential deay of theinternal pressure that, starting on the partiular age, is independent of the β value.Finally, the evolution of the lobe's internal pressure depends very weakly of the valueof Γc.
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PART III7 Appliation of the extended model to a few seletedradio souresIn the previous Setions, I introdued the new, extended model of the dynamis andexpeted radio emission of FR II type radio soures, indiating the grounds for itsdevelopment. As it is shown in Setion 6.2.5, this new model predits the shape ofthe radio spetra for soures with terminated ativity, for whih the KDA model is nolonger appliable. To verify the auray of the model, I derive the spetra resultingfrom the "best age-solution" with the KDA model (f. Mahalski et al. 2007a) andthese found with the extended model in order to ompare the above model spetrawith the observed data (radio spetra derived from multifrequeny observations) in asmall sample of real radio soures with steeply bent high frequeny spetra.The modelling proedure relies on �tting the values of free parameters of a givenmodel to the observed data. Despite of its funtion of ontrolling the auray of themodel, this proedure also allows us to study physial onditions in FR II type soure,eg. the age vs. linear size relation for soures with steep radio spetra, and (in the aseof the extended model only) to estimate the age at whih their ativity dims or even isterminated, whih may be an important ontribution for better understanding of thenulear ativity proesses and time sales. Appliation of the extended model may alsoontribute to the evaluation of the properties of the intergalati medium, espeiallyin the ase of high-redshifted radio galaxies with large sizes, that are a valuable toolfor looking for a possible �utuations of that medium in earlier osmologial epohs.The preliminary results presented in this Setion indiate that the extended modelreprodues the data with muh better auray then the KDA model. Moreover, atypial time of the jet uts-o� an be estimated using this method.7.1 Sample of examined radio souresThe extended model is applied to a small sample of various radio soures showingstrong break-up in their radio spetra, probably due to the past jets ut-o�s. Onean expet that the model is espeially useful in the ase of studying the giant FR IItype radio galaxies. For this reason two giant soures, J1428+3938 (Mahalski et al.2006) and J1453+3308 (Konar et al. 2006), large radio soure with restarting ativity(J1548−3216, Mahalski et al. 2010), and two smaller 3C soures with bent spetra areinluded in this sample, as well as extremely high-redshifted radio galaxy 6C1232+3942(Eales & Rawlings 1993). Table (9) presents the observational data and Figure (26)shows the radio maps for the sample soures.
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Table 9: Observational data for the sample of FR-II type soures with strongly urved spetra.3C217 z=0.898 LAS=12”.1 Rt=4.026 MHz 43000± 6000 10 750 MHz 4060± 208 1038 MHz 39000± 5900 8 1400 MHz 2087± 63 674 MHz 25380± 2590 1 1400 MHz 2102± 63 1586 MHz 24400± 1300 10 2695 MHz 1011± 80 10151 MHz 15940± 798 15 4850 MHz 550± 49 11178 MHz 12317± 616 10 4850 MHz 469± 9 15327 MHz 8970± 359 15 10550 MHz 161± 3 15365 MHz 8372± 121 4 10700 MHz 122± 38 10408 MHz 7090± 215 153C438 z=0.290 LAS=22” Rt=2.774 MHz 81560± 8160 1 750 MHz 14510± 800 5178 MHz 46300± 3704 2 750 MHz 13700± 700 5325 MHz 29940± 1123 3 1400 MHz 6855± 220 6365 MHz 26402± 393 4 2695 MHz 3260± 150 5408 MHz 25180± 1980 5 4850 MHz 1607± 143 11408 MHz 23760± 1190 15 10700 MHz 40± 40 86C1232+3942 z=3.22 LAS=9” Rt=3.074 MHz 6520± 660 1 408 MHz 1130± 45 15151 MHz 3320± 200 16 1400 MHz 255± 8 6151 MHz 3270± 168 15 4850 MHz 40± 5 11325 MHz 1630± 065 15 10550 MHz 16± 1 15365 MHz 1472± 076 4J1428+3938 z=(0.5) LAS=269” Rt=3.4151 MHz 971± 109 9 408 MHz 270± 31 15151 MHz 990± 95 16 1400 MHz 83± 4 6232 MHz 810± 100 7 4860 MHz 13± 13 12325 MHz 428± 34 3 10550 MHz 3± 2 15J1453+3308 z=0.249 LAS=336” Rt=3.8151 MHz 2165± 110 13 605 MHz 970± 75 13178 MHz 2020± 200 13 1287 MHz 442± 34 13240 MHz 1667± 250 13 1400 MHz 426± 36 13325 MHz 1365± 140 13 4860 MHz 104± 8 13334 MHz 1456± 112 13J1548−3216 z=0.1082 LAS=522” Rt=2.9160 MHz 8400± 840 14 1384 MHz 1733± 87 14334 MHz 4737± 710 14 2495 MHz 963± 30 14619 MHz 3141± 252 14 4860 MHz 415± 42 14Referenes to the �ux densities: [1℄-VLSS, Cohen et al. (2007); [2℄-4C, Pilkington & Sott(1965); [3℄-WENSS, Rengelink et al. (1997); [4℄-TXS, Douglas et al. (1996); [5℄-Kühr et al.(1981); [6℄-NVSS, Condon et al. (1998); [7℄-Miyun, Zhang et al. (1997); [8℄-Kellermann &Pauliny-Toth (1973); [9℄-7C, Waldram et al. (1996); [10℄-Laing & Peaok (1980); [11℄-GB6,Gregory et al. (1996); [12℄-Mahalski et al. (2006); [13℄-Konar et al. (2006); [14℄-Mahalski etal. (2010); [15℄-B3-VLA, Vigotti et al. (1999); [16℄-6CII, Hales et al. (1988).66



The "largest angular size" (LAS) estimated from radio maps, are given in ar se-onds. The Rt values are adopted from radio maps or earlier publiations. The �ux den-sities, given in Jy, are taken from various radio surveys (4C, 6C, 7C, WENSS, TXS,VLSS, NVSS, GB6) or from the "Cataloque of Radio Soures" ompiled by Kühr et. al(1982). The �ux density data from dediated observations with the GMRT and VLAarrays for the outer lobes of J1453+3308 and J1548−3216 are taken from the originalpubliations.Table (10) presents the projeted linear size of the sample soures, the presumedinlination angle of their jets' axis, θ, and the radio power at at least �ve observingfrequienies, i.e. their physial parameters used to on�ne free parameters of the models(f. Setion 3.3) both the KDA and the developed extended model (hereafter referredto as KDA EXT).The linear size of the soures, D, and the radio powers, Pν , are alulated fromtheir angular size and �ux densities given in Table 9, aor�ng to the formulae:
D = 4.848 · 10−6LA(z) · LAS, and (37)

Pν = SνLD(z)2(1 + z)(αν−1) (38)where LA(z) and LD(z) are angular and luminosity distanes of a soure, respetively,determined with the "Cosmologial Calulator" of Wright (2006) assuming �at Uni-verse with Hubble Constant H0=0.71 km s−1Mpc−1 and the ΛCDM model with os-mologial parameters Ωm = 0.27 and ΩΛ = 0.73, and αν is index measured as thespetrum slope gradient alulated separately for every pair of the neighbouring radio�ux densities.It is worth noting that the frequeny overage of the radio spetra of some samplesoures is wider than for the other ones, and these spetra ontain the very extreme(low or high) �ux values. In these ases the model �t is assumed to be muh morepreise than in those without information about the radio emission at extreme low andhigh frequenies. Moreover, for the soures with restarting ativity (J1453+3308 andJ1548−3216), Table (9) and (10) give the parameters or the outer, older lobes that areused to model their extended, outer FR II - type struture only.

67



[1℄ [2℄

[3℄ [4℄

[5℄ [6℄Figure 26: Radio maps of the sample soures: [1℄ VLA map of 3C217 at 4800 MHz, Bestet al. (1997); [2℄ VLA map of 3C438 at 1452 MHz, Leahy & Perley (1991); [3℄ VLA mapof J1428+3938 at 4860 MHz, Mahalski et al. (2006); [4℄ GMRT map of J1453+3308 at 334MHz, Konar et al. (2006); [5℄ VLA map of 6C1232+3942 at 1400 MHz (NVSS), [6℄ GMRTmap of J1548-3216 at 334 MHz, Mahalski et al. (2010).68



7.2 Fitting proedureThe �tting proedure onsists of two steps In the �rst one, I am searhing for thebest "age-solution" with the KDA model using the "DYNAGE" algorithm. However,as expeted, the best �t model and the resulting spetrum are always poor as longas we try to reprodue observed highly-steepened spetrum with the model assumingthe CI proess of the energy supply to the radio lobes that is the ase of KDA model.Therefore to solve this problem, I performed the KDA �ts using only the low-frequenyparts of the �ux density data, i.e. rejeting the extremely high-frequeny �uxes thatinrease urvature of the soure's observed spetra.Table 10: Physial data of the sample soures used to �t the KDA model. The (log) valuesof radio power are given in WHz−1s−1.3C217 3C438 6C1232+3942 J1428+3938 J1453+3308 J1548−3216
D [kp℄ 85 95 59 1630 1297 998
θ [o℄ 70 90 70 90 90 90log P74 28.115 27.192 28.635log P151 27.850 28.396 25.825 25.448log P160 25.282log P178 27.816 26.955log P232 25.718log P240 25.351log P325 26.780 28.225 25.532log P334 25.288 25.029log P605 25.258log P619 24.853log P1384 24.606log P1400 27.253 26.156 27.590 24.885 24.778log P2495 24.363log P2695 26.897 25.833log P4850 26.615 25.585 26.667log P4860 23.994 24.198 24.008log P10550 26.394

Following the original KDA's analysis, I adopted their Case 3 where both the ooonmaterial and the ambient medium are assumed to be desribed by the "old" equation ofstate (i.e. Γc = Γx = 5/3). I also assume the equipartition ondition for the initial ratioof the energy densities between the soure's magneti �eld and relativisti partiles,
ζ ≡ uB/ue = (1+ p)/4, that is well supported by the X-ray observations of the lobes inpowerful radio soures (Kataoka & Stawarz 2005). Finally, following Daly (1995) andBlundell et al. (1999), I adopt β = 1.5 for all of the examined soures. The remainingmodel free parameters are the same as in Table (4) in Setion 5.4.69



The �nal result of this step is determination of four parameters of the model, i.e. theinitial partile-energy distribution desribed by αinj, the �tted age, t, the orrespondingvalues of the jet power, Qjet, and the entral ore density, ρ0.In the seond step, I selet a number of values for the jet "swith-o�", tjet, ful�lling
tjet < t. For eah of these values, Eqs. (32), i.e. Eq. (8) and Eq. (33) are solvednumerially, providing the soures power, Pνem

, at the number of frequenies (in thesoure frame) orresponding to a given tjet value. A value of tjet providing the best�t of the extended model preditions to the observed radio spetrum is onsidered asthe time of the jet termination, tbr. The best �t is determined using the least-squaresmethod by minimizing the expression:
χ2

red =
1

n − 3

∑

n

(

Sν0 − SMOD

∆Sν0

)2

, (39)where Sν0 and ∆Sν0 are �ux densities and their errors given in Table (9), and SMODare the model �ux densities re-alulated from the model values of Pνem
aording to

SMOD = Pνem

(

1 + z

L2
D(z)

)

= Pν0(1+z)

(

1 + z

L2
D(z)

)

. (40)7.3 Appliation of di�erent dynamial models to the samplesouresThe KDA EXT model developed in this Setion was used to �t the observed radiospetra of the sample soures. In order to ompare this model's results with similarresults obtained for the sample soures (inluding these from KDA model for entiresoures or their radio lobes only), I alulated the values of χ2
red, determining so-alledgodness of the �t, for all of the best �ts of the KDA models and the best �t of theKDA EXT model.Table (11) presents values of the model free parameters and some derivative phys-ial parameters of the sample soures derived from their best �t of the KDA EXTmodel. These physial parameters, determined after the jet "swith o�", are: the o-oon pressure, pc, the total emitted energy, Uc, strength of the magneti �eld, Beq, andradial expansion speed of the ooon's head, vh. The values of these parameters arealulated for t>tbr in ontrast to similar quantities presented for the soures analysedin Setion 4. Eg. pc for t>tbr is alulated with Eq. (36), Uc is given by the formulaUc(t)=uc(t)Vc(t)=pc(t)Vc(t)/(Γc−1); Beq(t) is alulated with Eq. (24) and vh(t) with(35).The list presented below is a short ompilation of the results obtained for theindividual soures from the sample. Their best-�tting models are then ompared toobserved spetra are summarized in tables (12)-(17). The resulting spetra are plottedin Figures (27) - (32). 70



Table 11: Physial parameters of the radio soures from the sample derived from the best �tof the KDA EXT model.IAU name t tbr αinj logQjet log ρ0 log pc(t>tbr) logUc Beq vh/(t>tbr)[Myr℄ [Myr℄ [W℄ [kg/m3℄ [N/m2℄ [J℄ [nT℄(1) (2) (3) (4) (5) (6) (7) (8) (9)3C217 1.91 1.89 0.58 39.30 −22.49 −10.24 52.79 4.59 0.0573C438 6.9 6.8 0.60 38.49 −22.12 −10.65 53.07 2.19 0.0166C1232+3942 1.60 1.57 0.62 39.71 −21.44 −8.94 53.41 15.89 0.031J1428+3938 158 145 0.58 37.87 −22.16 −13.05 53.53 0.15 0.008J1453+3308 91.2 82 0.51 37.77 −23.35 −13.58 53.29 0.08 0.017J1548−3216 79.4 67 0.60 37.61 −23.06 −13.36 52.94 0.11 0.013
7.3.1 3C217Table 12: Flux densities resulting from KDA and KDA EXT model for 3C217 and theirgodness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT26/50 43000± 6000 60184 5488838/72 39000± 5900 46610 4231474/141 25380± 2600 28806 2597186/163 24400± 1300 25614 23146151/287 15940± 798 16614 14876178/338 12417± 616 14571 13016327/621 8970± 359 8861 7825365/693 8372± 121 8081 7120408/774 7090± 215 7336 6449750/1424 4060± 208 4310 37371400/2657 2086± 62 2441 20771400/2657 2102± 63 2441 20772695/5115 1011± 80 1314 10904850/9205 469± 90 739 59810550/20024 161± 30 345 25410700/20309 122± 38 334 247

χ2
red

= 14.31 χ2
red

= 12.31
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Figure 27: The best KDA �t (blak solid line) and KDA extended �t (red solid line) for theradio galaxy 3C217. The values of �ux density and frequeny are presented in logarithmisale. The observed �ux densities and their errors are marked with the red data points.
7.3.2 3C438
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Table 13: Flux densities resulting from KDA and KDA EXT model for 3C438 and theirgodness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT74/96 81560± 8160 105207 101703178/230 46300± 3704 49698 48232325/419 29940± 1123 28929 28011365/471 26402± 393 25962 25138408/526 25180± 1980 23406 22664408/526 23760± 1190 23406 22664750/968 14510± 800 13132 12657750/968 13700± 700 13132 126571400/1806 6855± 220 7118 68292695/3477 3260± 150 3684 35024850/6257 1607± 143 2011 188910550/13610 640± 40 892 808

χ2
red

=8.07 χ2
red

=5.98Table 14: Flux densities resulting from KDA and KDA EXT model for 6C1232+3942 andtheir godness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT74/312 6520± 660 7869 7456151/637 3320± 200 3684 3432151/637 3270± 168 3684 3432325/1372 1630± 65 1609 1461365/1540 1472± 76 1421 1281408/1722 1130± 45 1255 11361400/5908 255± 8 316 2684850/20467 40± 5 65 5510550/44521 16± 1 26 15

χ2
red

= 38.07 χ2
red

= 4.70Table 15: Flux densities resulting from KDA and KDA EXT model for J1428+3938 and theirgodness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT151/227 971± 109 991 891151/227 990± 95 991 891232/348 810± 100 656 582325/488 428± 34 471 413408/612 270± 31 376 3261400/2100 83± 4 107 834860/7290 13± 3 29 1510550/15825 3± 2 13 4

χ2
red

= 21.91 χ2
red

= 1.94
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Table 16: Flux densities resulting from KDA and KDA EXT model for J1453+3308 and theirgodness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT151/189 2165± 110 2500 2399178/222 2020± 200 2272 2158240/300 1667± 250 1830 1751325/406 1365± 140 1467 1378334/417 1456± 112 1437 1347605/756 970± 75 894 8431287/1608 442± 34 463 4261400/1749 426± 26 429 3944850/6058 104± 8 129 115

χ2
red

= 3.84 χ2
red

= 2.09

Table 17: Flux densities resulting from KDA and KDA EXT model for J1548−3216 and theirgodness of the �t to the observed data.
ν0/ν0(1 + z) Sν0

± ∆Sν0
SMOD SMODKDA KDA EXT160/177 8400± 840 8705 8391334/370 4737± 710 5405 4975619/686 3141± 252 3379 30961384/1534 1733± 87 1786 15772495/2765 963± 30 1059 9174860/5386 415± 42 569 476

χ2
red

= 8.66 χ2
red

= 2.61

74



102 103 104
0,1

1

10

3C217

 KDA fit
 KDA EXT

[MHz]

S 
[J

y]

Figure 28: The best KDA �t (blak solid line) and KDA extended �t (red solid line) for theradio galaxy 3C217. The values of �ux density and frequeny are presented in logarithmisale. The observed �ux densities and their errors are marked with the red data points.
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Figure 29: The same as Figure (27) but for 3C438.
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Figure 30: The same as Figure (27) but for 6C1232+3942.
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Figure 31: The same as Figure (27) but for J1428+3938.
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[MHz]Figure 32: The same as Figure (27) but for J1453+3308.
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Figure 33: The same as Figure (27) but for J1548-3216.
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7.4 Disussion and �nal onlusionsIn this Setion, I developed a new model for the dynamial evolution of the lobes ofFR II type radio galaxies after the jets stopped supplying them with the energy. Thebest �t of this model (KDA EXT) to the observed radio spetra for the small sample ofradio soures with steep and strongly urved radio spetra is was determined in orderto evaluate the auray of this new model.These preliminary results indiate that KDA EXT model an provide a satisfatorysolution for the ase of radio soures with presumed stopped ativity. However, theagreement of the resulting �t with the observed radio spetra is high for some ertainradio soures only. The plots and data lists presented above suggest that in the aseof giant and very old radio soures (J1428+3938, J1453+3308 and J1548−3216) thesuperiority of the KDA EXT model �t over KDA �t is evident. The high auray ofthat �t is also notieable in the ase of high-redshifted radio galaxy 6C1232+3942On the ontrary, in the ase of 3C217 and 3C438 the KDA EXT �t to the ob-served spetra di�er signi�antly from the shapes of these spetra. This e�et is visibleespeially for the medium and low frequenies. In these ases determined the age ofjet's ut-o� and other soure's parameters (Table (11)) should be onsidered as veryunertain. One may notie also that KDA EXT �ts do not di�er signi�antly from theKDA �ts for these soures. 3C438 χ2 values alulated for both model's �ts are almostthe same.I suggest that possible reasons of this model/observable inonsisteny may be:� more ompliated hanging of the rate of partiles transport in jets, not takeninto aount while onstruting of KDA EXT model, i.e. the situation when jet's ativ-ity is not simply stopping, but undergo with temporarily weakening (and, eventually,resuming),� not inluding in the model some unknown initial energy distribution in the lobe'shead, di�erent from the one implied by the KDA model,� any other, unknown di�erenes in the dynamis of FR II type radio souresshowing highly-steepened spetra, demanding new approah to the understanding ofthe physis of these soures,� Inauray in the determining of initial, pure KDA model's parameters obtainedfor ertain soures and then used to perform a KDA EXT �t. It is very probable in thease of 3C438, where both KDA and KDA EXT �ts are poor and their χ2 values arevery high.Taking into aount all the above, one an onlude that the KDA EXT modeldeveloped and presented in this Setion is an appropriate tool for solving the problem ofmodeling the strongly urved spetra of FR II radio galaxies with large linear sizes, i.e.giant radio galaxies and DDRG with restarting ativity (their older radio strutures).However, it does not work properly in the ase of some other radio soures with urvedspetra, espeially the ones that does not exhibit the harateristis of a typial old
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and very large soures, but also have strongly spetra urved on the high frequenypart.
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