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We investigate shell emission associated with dying radi@ IAGNs. First, based on our recent work by Ito et al.
(2015), we describe the dynamical and spectral evolutidishells after stopping the jet energy injection. We find that
the shell emission overwhelms that of the radio lobes sotan sfopping the jet energy injection because fresh elestro
are continuously supplied into the shell via the forwardcghahile the radio lobes rapidly fade out without jet energy
injection. We find that such fossil shells can be a new clasargét sources for SKA telescope. Next, we apply the model
to the nearby radio source 3C84. Then, we find that the fdssil smission in 3C84 is less luminous in radio band while
itis bright in TeV~ ray band and it can be detectable by CTA.
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1 Introduction will be dominant at most of the frequencies from radio up
to TeV~-ray soon after the jet has switched off.

Radio-loud active galactic nuclei (AGNs) are one of the 1Nhe layoutof this paper is as follows. {2, we present
most powerful objects in the universe. According to the staf1€ review of the model following the formulation shown in
dard picture of jets in AGNSs, jets are enveloped in a cocodp®: IN §3, we apply the model to a typical dying radio-loud
consisting of shocked jet material and the cocoon is sufSN atz = 1. We will show that their fossil shell emission
rounded by shocked interstellar medium region (e.g., Beg&@n be probed with the Square Kilometer Array (SKA). In
man et al. 1984). The shocked interstellar medium regidf: W& apply the model to the dying radio lobes observed in
(hereafter we refer to as the shell) is identical to the foBC84. Summary and discussions are presenté8.in

ward shocked region and it is a fundamental ingredient in
the overall AGN jet system. Physical properties of shell® Basic Model
however, have not been well understood since they are not
bright and remain undetected (but see Croston et al. (20@8ihce the details of the model of pressure-driven expanding
for X-ray emission from shell in Centaurus A). In the rajet-remnant system have been already well explained in Ito
dio band, shells are radio quiet (Carilli et al. 1988) andrtheet al. (2011) and |15 and references therein, here we briefly
emission is fully overwhelmed by the radio bubbles (radisummarize the main ingredients.
lobes). The existence of the radio quiet shell (bow shock) is
pnly iden'Fified as the discontinuity of the rotation measurg Dynamics
in the radio lobes of Cygnus A (Carilli et al. 1988).

In terms of observing shells, bright radio lobes preverﬁig'm pr_esents ageneral picture ofajet.and external medium
their detection. Then, we come up with a question of ,,Whélgteractlon and we adopt the well established expandingrsph

happens when jet energy injection stops?” Motivated by th'i%?l bubble model (115 and reference therein). The shell

question, we recently explore the emission from radio segirfidth at the bubble radius{(#)) at the timet is denoted

in which jet activity has ceased at early stage of their evollg)y fst' dThe r}r;asi de?zsityhof t?{e gmlr)]ient fmatter}ﬁt) d|s
tion in Ito et al. (2015) (hereafter 115). In particular, we f 2€""N€ ap(R) = poR whereR, is the reference radius,

cus on the evolution of the relative contribution of the IobéR satisfies the relation

and shell emission. In this work, we will show that the shell 0B = (Jext — 1)[(§ext + 1)(3 — @)] 'R, 1)
whered..; and« are, respectively, the specific heat ratio
* Corresponding author: e-mail: kino@kasi.re.kr of the external medium and the index of external ambient
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matter density distribution defined asx R~*. We assume

L ) : L forward shock shell
that the kinetic power of the jeff) is constant in time. The R ﬂ:'* / 7 el
jet kinetic energy is dissipated and deposited as the iater! 000° ls“’; B gl
energy of the cocoon and shéll. & .

In this work, we consider two phases depending on tt R(1)
source aget:

nucleus torus
— (i) the phase in which the jet energy injection into the radio 7 torus
cocoon continueg (< t;) Joo {B L
— (ii) the phase in which the jet energy injection into the \
cocoon stops$t > ;) It
wheret; denotes the duration of the jet injection.
As for the early phase with jet energy injection into the —— ambient | *amb
cocoon, the radius of the cocoon is given by medium {B amb
=2 (L \5 > s . . . .
R(t) = CRg° (p—;) t5—=  (t<t) (2) Fig.1 Schematic picture of the jet and external medium

interaction in face-on view. The kinetic energy of the jats i

whereC and R, are the numerical coefficient and the refdjssipated via the termination shock at the hot spots and de-

erence size of the cocoon, respectively. Note fhapo is  posited into the cocoon with its radidsand the shell with

the key quantity which controls the dynamical evolution ofs width 6 R. The cocoon is inflated by its internal energy.

AGN jet system (e.g., Kawakatu et al. 2009). The cocoon drives the forward shock propagating in the ex-
After the energy injection from the jet ceases, the caernal medium with its density and magnetic field strength

coon will rapidly lose its energy due to adiabatic expansion,,, and B.y;. The forward shocked region is identical to

and most of its energy is transferred into the shell withithe shell.

a dynamical timescale. Hence, after the transition time, th

cocoon pressure becomes dynamically unimportant, and the . . . .

energy of the shell becomes dominant. Therefore, in the late include the effect of absorption vig interaction. VHE

phase, expansion of the bow shock asymptotically wou

follow the Sedov-Taylor expansion. Therefore we set

otons suffer from absorption via interaction with vagou

soft photons. Here, we include they absorption due to

' both source-intrinsic and EBL (Extragalactic Background
R(t) oc t= G/ G=a) (1 5 ¢5), (3) Light) photon fields. The absorption opacity with respect to

In this phase, the adiabatic relatién}’? — const. should the intrinsic photons can be calculated by summing up all

hold. Then, we can approximately describe the late phase sthe photons from (1) the sheII,_(2) the radio lobes, .(3)
follows: the dusty torus, and (4) the accretion disk and we multiply

the~~ absorption factor ofxp(—r,,) with the unabsorbed
R(t) = R(t) {P(tj) (t > t;). (4) flux vyher_e7_—w is the opt.ical depth for f[heq absorption..
L P(t) ‘ For simplicity, we deal with the absorption effect at thetfirs
We setiex. = 5/3 andy = 4/3 for the shock jump condi- order and we neglect cascading effect. With regard to the

tion between the shell and external medium (115). opacity foryy interaction between EBL and Tey/photons,
we adopt the standard model of Franceschini et al. (2008).

}1/3@

2.2 Non-thermal emission L ) ) .
3 Application to high-z dying radio sources
Since the details of the treatment of non-thermal emissions

have been already explained in Kino et al. (2013) (hereaftgrl  Setting

K13) and 115, we briefly show the basic treatment of pho- ) _ )
ton and electron distributions in shells and lobes. We soljéere we demonstrate the time evolutions of the energy dis-
the set of kinetic equations describing the electron and phgibution of non-thermal electrons and the resulting emis-
ton energy distributions. First, as for the external photo#On- As a fiducial case we focus on sources with jet power
field against inverse Compton (IC) process, (1) UV photorff Lj = 1 x 10%° ergs™" atz = 1. We set the duration
from a standard accretion disk, (2) IR photons from a du8f €nergy injection ag; = 10° yr. The chosen value of the
torus, (3) synchrotron photons from the radio lobes, and (2¢€ is around the upper end of the estimated age of the com-

synchrotron photons from the shell are included. Secon@ct radio source with an overall linear size of 5 kpc (e.g.,
Murgia et al. 1999).

1 The dense thermal gas surrounding 3C84 has been discovgred b Regarding the IC scattering, full Klein-Nishina (KN)
O'Dea et al. (1984). However, in this work, we focus on théudé am- <5 section is taken into account. As a source of seed
bient matter and neglect the dense thermal (torus) compaonerely for . . . .
simplicity. The case of shocks in the dense thermal gas wiltesented PhOtons, we consider UV emission from the accretion disc,

in a forthcoming paper (Kino et al. in prep). IR emission from the dusty torus, stellar emission in NIR
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Lol L10% ergis 4 Application to 3C84
z=1

1016 ] The compact radio source 3C84, also known as the Seyfert
c:;’ P galaxy NGC1275 (at the redshift= 0.0176) is one of the
< w0k ] LobesyN1C — ideal target for this study.
fi " ~ I%{E — In Fig.[3, we show the two epoch comparison of VLBA
- \ T otal LOBE images obtained at 15 GHz obtained in 1994 and 2010.

» §] totel SHELL —— From this, we can clearly see that the pair of outer radio

10

10%° lobes on~ 10 mas scale is fading out due to the lack of jet

energy injection. Hereafter, we examine the shell emission

Fig.2  Broadband spectrum of a dying radio source WitﬁlSSOCIated with this fading radio lobes.
a jet power ofL; = 1 x 10% erg s~! located at z = 1. The

figure is adopted from 115. The source age in this case4sl Setting

10° yr and the jet injection has been stopped sifjce 10°
yr. The thick lines show the total flux from the shell an
lobe. The various thin dashed and thin solid lines show t
contributions to the total emission produced in the lobe arft
shell, respectively. (A color version of this figure is aaaile
in the online journal.) The shell emission can be detect

d\lumber densities of surrounding medium are important quan-
ﬁiéies but they have some degree of uncertainties. Taylor
al. (2006) estimated the number density by using deep
andra observation (Fabian et al. 2006). Within the cen-
é@l 0.8 kpc, the density profile is severely affected by the

by SKA. The SKA sensitivity curves correspond to 3 sigm ucleus. So, they estimated an average central density over

. N 3 . )
detection limit with 10 hours of integration time (Prandon} € Inner 2 Kpc to beam, 0.'3 em Regafd'”g the up
& Seymour 2015). per limit on the number density, recently Fujita et al. (2014

obtainedn.,,, ~ 10 cm™2 for the inner part of Perseus
cluster by taking the following two assumptions: (1) hot gas

o outside the Bondi radius is in nearly a hydrostatic equilib-
from the host galaxy, synchrotron emission from the radig . o .
- rium in a gravitational potential, and (2) the gas tempegatu

lobe and cosmic microwave background (CMB). We con- . o
near the galaxy centre is close to the virial temperature of

structed the model of the spectra of the photons from thgﬁe alaxy. In this work, we adopt,.. = 1 cm~3 which is
disc, torus and host galaxy with a black-body spectra. As for g Y- ' Phmb

o . in between these values.
the luminosities of the emissions, we addpty = Lig = E densiti f di hoton field |
1 x 10% erg s~ for the disc and torus emission (e.g., Elvig __—c'9Y deNSILES of surrounding pnoton Tields are also

et al. 1994 Jiang et al. 2006), afigh, — 1 x 10* erg s important quantities. They are seed photons for IC scatter-
for the host galaxy emission (e.g., de Ruiter et al. 2005). ing. As for UV from the accretion disc, we set

Lyy =5 x 10* erg s, (5)
based on the observation of Kanata telescope (see Appendix)
3.2 Results: Long-lived shell emission in high-z and we conservatively include the safety fadté2 to mimic
radio-loud sources as a new target for SKA a possible contamination of extended sources. The acoretio

flow can be safely regarded as a point source. Regarding

dust, we set.;g = Lyv/2 based on Calderone et al.

In Fig.[2, we show the resultant spectra from the radio Iod '
and shell after the jet injection was stopped. We examirﬁ 012). Notg that IR torus is supposed to be extende_d up to
pc scale in order to produce the free-free absorption ob-

the typical ith th tive jet =1 .
e ypicalcase wi € conservative jet poulgr * . served at the northern radio lobe (Walker et al. 2000). Huxe

10* ergs~! atz = 1, and the electron acceleration effi- ; hrot icsion f dio lob dopted f
ciency in the shelk, a. — 0.01. We found that the shell of synchrotron emission from radio lobes are adopted from

emission overwhelms that of the radio lobes soon after sto —% actual oblser,ll/atlopa: d?tgb’i‘g_fﬁr thg rr;m; rggllc;!ost) es ?(t
ping the jet energy injection because fresh electrons are cévt lm;glszcae ( atga| etal -agaretal » SUZUK
tinuously supplied into the shell via the forward shock whil etal ), we se

the radio lobes rapidly fade out. Linini—tobe ~ 1 x 10%% erg s7* (6)

Regarding the detectability of the shell emission, SK&t ~ 200 GHz based on the recent flux level of 3C84 in
telescope is capable of detecting the emission. The det&MA calibrator list.
tion is marginal for SKA phase 1. Since these values in- Let us discuss the total jet power in 3C84. The observed
evitably have dispersion from source to source, we expdaminosity at each energy band is of orderofl 043 erg s !
a certain fraction of sources to be well above the detectidrom radio to GeV~-ray band (Abdo et al. 2009). There-
limit. Moreover, in the phase 2 (SKA2), the sensitivity is exfore, the bolometric luminosity is estimated as close-to
pected to improve by an order of magnitude. Hence, SKR0** erg s—'. Hence, for example, a typical % radia-
will be a powerful tool to reveal the population of dead raditive efficiency of non thermal electrons results in the elec-
sources which are dominated by the shell emission. tron kinetic power of order of close te 10%° ergs—1.
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S — 1 T rrrr Tt 1T
[ 3C84
1
154GH, 199469 2210.89 pe

— S A Northern -« ¢ -
g ’ 3 Lobe e e 1
5 . ] 1020 F """ total LOBE ——
£ 4 o ¢ 1 11
= 1 S 4 total SHELL =——
E - J Central @ 1 = 18-12 L \/ i Lobesg-%g e
S Core Lo Ng 1018 F 1 IR-IC ——
2 ) = w0 F inLobe-IC ——
2 % 0 | CTA ——
= < 16 Fermi ——
< 16
= o7 10
& S L i > 10717

- Southern 1018

Lobe 1019 . . , ,
5 ] 1010 1015 1020 102
) o | v (Hz)
g M B R R ST T R ) ) .
' 30 20 10 0 -10 Fig.4  Fossil shell spectrum 10 years after the jet cessa-
Relative Right Ascension [mas] tion in 3C84 (the thick curve peaked at gamma-ray energy

Fia3  VLBAI £3C 84 obtained at 15.4 GHz. | band). The shell spectrum is IC dominated. There are four
'9. Images o obtained at 15. Zz.1M-cq ponents of the seed photons for IC scattering; i.e., syn-

ages refer to observations perfqrmed on 1994 Septembe_r&' otron photons from outer and inner radio lobes, UV from
(left) a_nd 2010 November 20 (rlg_ht). The lowest contour ithe accretion disk, and IR from the torus. Among them, syn-
three times the off-source rms noise (areand the contour chrotron photons from outer and inner radio lobes are dom-

levels are—30, 30 x (v2)" (n=0, 1, 2, ...). The peak in- ;- a color version of this figure is available in the omin
tensity is 5.86 Jy beam (left) and 5.54 Jy beamt (right). journ:fll ) verst ISTigure 1s aval ! !

The restoring beam is indicated in the bottom left/right co
ner of the left/right images. The total flux density of north-

ern and southern lobes are 0.8 Jy and 6.7 Jy in 1994, whe Summary

they decrease to 0.5 Jy and 1.4 Jy in 2010, respectively.

In the present work we studied a possible fossil shell emis-
sions associated with dying radio loud AGNs. Below, we

Table 1 Parameters of radio lobes and shell in 3C84 : .
summarize the main results.

L; Bghen Namb €c,shell  €elobe

(ergs’) (MG) (m™?) - - — We reviewed our recent work presented in 115. We have
3x10% 0.2 1 0.1 0.1 examined the dynamical and spectral evolution of fossil
shells which are identical to the forward shocks prop-
agating in the external medium. We find that the shell
emission overwhelms that of the radio lobes soon after
stopping the jet energy injection because fresh electrons
are continuously supplied into the shell via the forward
shock while the radio lobes rapidly fade out.

— Fossil shell emission in high-z dying radio sources is

presented. We examine the typical case with the conser-

4.2 Results: Long-lived shell emission in 3C84 as a vative jet powerL; = 1 x 10*° ergs™! atz = 1, and
new target of CTA electron acceleration efficiency in the shellghen =
0.01. Regarding future facilities, SKA telescope is ca-
pable of detecting the emission in the radio band. The
detection is marginal for SKA phase 1.
Fossil shell emission in 3C84 is investigated by apply-

Proton component is also supposed to contribute to the to-
tal jet power. Based on this order estimation, we set=
3 x 10% erg s—! in the present work.

In Fig.[4, we show a prediction of the broadband spectrum
from the fossil shell in 3C84 10 years after the jet cessa-
tion. The significant difference between this case and the . > - '
above section is the distance of the sources from the Earth. INg 115 model. Since 3C84 is a low redshift sourge,
Since the redshift of 3C84 is sufficiently lows absorp- absorption is less effec_t|ve. We examine the broadband
tion with the EBL is less effective. Therefore, it can be a  SPectrum from the fossil shell in 3C84 10 Xsears aftlerthe
new TeV gamma-ray emitter candidate. We find that the IC 16t cessation with the jet powdr; = 3 x 10% ergs™,
emission can be detectable by the Cherenkov Telescope Ar- 2nd relatively large electron acceleration efficiency in
ray (CTA) in this case. We also find that the synchrotron the Shelke snen = 0.1. We find that the IC emission can
photons from the radio lobes are the dominant seed photons P€ detectable by CTA.

for the IC scattering in 3C84. The detailed comparison Qfcknowledgements. The research leading to these results has re-
the contribution from mini-radio lobes will be presented irteived funding from the European Commission Seventh Frame-
a forthcoming paper (Kino et al. in preparation). work Programme (FP/2007-2013) under grant agreement N89233
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(RadioNet3). Part of this work was done with the contribatio 7 . r r ; ey —
of the Italian Ministry of Foreign Affairs and University drRRe- | ‘\c‘n] — ]
search for the collaboration project between Italy and daphis ® o+ INI
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