© 2007: Instituto de Astronomia, UNAM - Triggering Relativistic Jets - Supplement
Ed. William H. Lee & Enrico Ramirez-Ruiz

RevMexzAA (Serie de Conferencias), 27, 192-197 (2007)

THE VELOCITY OF LARGE-SCALE JETS IN A DECLINING DENSITY
MEDIUM

N. Kawakatu! and M. Kino!

RESUMEN

Las clases de objetos compactos simétricos son morfolégicamente similares a las fuentes en radio FR II. Para
elucidar la relacion fisica entre las dos, se propone aqui un modelo de evolucién de chorros en Nticleos Activos
de Galaxias (NAGs). Incluimos los efectos dindmicos de la caida en densidad del medio y el aumento en la
seccion transversal de la cabeza del chorro para determinar la velocidad de propagacion del mismo. Con este
modelo describimos la evolucién de la velocidad, la presion, la densidad y el radio del punto caliente como
funcién de la pendiente de decaimiento de la densidad ambiental. Nuestro modelo analitico puede explicar las
observaciones de velocidad constante del punto caliente, y de la evolucién de la presién y tamano del mismo,
(Pygs(r) oc 1=~ rgg oc =079,

ABSTRACT

The classes of compact symmetric objects (CSOs) morphologically resemble the powerful large symmetric radio
sources (FR II sources). In order to clarify the physical relation between CSOs and FR II sources, the evolution
model of AGN jets in active galactic nuclei (AGNs) is proposed here. We include the dynamical effects of (i)
the declining ambient mass density and (ii) the growth of head cross section area of the cocoon to determine
the velocity of the jet propagation. Based on this model, we describe the evolution of the velocity (vps),
pressure (Pyg), density (pus) and the radius (rugg) of the hot spot as a function of slope index of ambient
density and the growth rate of head parts of the cocoon. Moreover, our analytic model can well explain the
observational trends of the constant hot spot velocity, the evolution of the hot spot pressure and the hot spot
size (Pus(r) o< r=715, rpg oc r=0-75).
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1. INTRODUCTION Related to this, a new population of radio sources
“compact symmetric objects (CSOs)” has been re-
cently focused on. The CSOs was first identified by
Philips & Mutel (1980, 1982). Soon after that, more
complete sample was presented by Wilkinson et al.
(1994) and Readhead et al. (1996a, b). Some CSOs
were found to have a core between the two lobes or
hot spots formed by the relativistic jet. They were
called as CSOs because of their double-sided emis-
sion and their smaller size (linear size is smaller than
1 kpc). Concerning the origin of CSOs, two scenar-
ios were initially proposed. One is so-called “frus-
trated jet scenario” in which the ambient medium is
so dense that jet cannot break its way through, so
sources are old and confined (van Breugel, Miley, &
Heckman 1984). The other is “youth radio source
scenario” in which CSOs are the young progenitor
of FR II radio galaxies (e.g., Philips & Mutel 1982;
Carvalho 1985; Fanti et al. 1995; Begelman 1996;
Readhead et al. 1996a; O’Dea & Baum 1997). Re-
cent observations reveal that their speeds are better
understood within the young source model since they
1SISSA, via Beirut 2-4, 34014 Trieste, Italy. estimate the age with 103’5yr, which is much shorter

The evolution of powerful extragalactic radio
sources is one of the primal issue in the study of
AGNs. After the first discovery of the radio emis-
sion from the extragalactic radio galaxy of Cygnus
A (Jennison & Das Gupta 1954), a lot of extragalac-
tic radio sources have been recognized by the follow-
ing studies (e.g., Turland 1975; Readhead, Cohen, &
Blandford 1978; Bridle & Perley 1984). Stimulated
by the observational progress, a number of hydrody-
namic simulations of jet propagations have been per-
formed to examine their physical state of the jet (e.g.,
Norman et al. 1982; Wilson & Scheuer 1983; Smith
et al. 1985; Clarke, Norman, & Burns 1986; Lind et
al. 1989; Clarke, Harris, & Carilli 1997; Marti et al.
1997). These numerical studies now confirms that
the jet is composed of “light” (i.e., lower mass) den-
sity plasma compared with that of the surrounding
ambient medium. However the long term evolution
of the cocoon it is not well known because of the
limitation of the computational power.
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than that of FR II sources with 10°~7"yr (e.g., Owa-
iank, Conway, & Polatidis 1998; Murgia et al. 1999;
Taylor et al. 2000). This indicates that CSOs are
the progenitor of FR II sources.

In order to explore the connection between CSOs
and FR II sources, the self-similar model of their
dynamical evolution has been investigated by some
authors (e.g., Fanti et al. 1995; Begelman 1996;
Kaiser & Alexander 1997). From the hydrodynami-
cal point of view, both the effect of a declining ambi-
ent medium but also that of a growth of head cross
section area of the cocoon are two key ingredients
that control the velocity of jet propagation as a whole
(see Figure 1). However, the self-similar model did
not solve the evolution of the head cross section area
of the cocoon, but assumed it in the self-similar way.
Therefore, we will construct the dynamical evolu-
tion model of AGN jets, considering above two key
physics in the present work.

The rest of this proceeding is organized as fol-
lows. In §2, we discuss “the interaction between a
jet and an ambient medium” and “the growth of
cross section area of the head part of cocoon”. By
combining them, we construct the dynamical evolu-
tion model of the AGN jet in §2.5. In §3, we com-
pare our result with previous works and we apply
our model to the actual observational trend of these
radio sources. The summary is given in §4.

2. DYNAMICAL CO-EVOLUTION OF JET AND
ITS COCOON

We consider a pair of jets propagating into a de-
clining ambient medium of density p, (see Figure 1).
Assuming that the speed of the head part of jets vy
is determined by balancing the momentum of jets
L;/v; (L; and v; are the power and velocity of the
jet, respectively) in time against the ram pressure
force of the ambient medium pavﬁAh, where Aj is
the cross sectional area of the head of the cocoon.
Ay, would be formed by the vortex occurred via the
shock (e.g., Smith et al. 1985) and/or the effect of
jittering drill (e.g., Williams & Gull 1985; Cox et al.
1991).

As mentioned in §1, the velocity of the head part
of jet (including the hot spot) is determined by the
following two key physics:

1. The slope index of the ambient mass density (a)

with pa(r) = pa,o(r/ro) ™%
2. The growth rate of the head cross section area
of the cocoon (3) with Ay (r) = Ano(r/ro)?;

where r, pp and Aypg are the distance from galactic
center, the ambient mass density and the cross sec-

lobe

head part of cocoon ﬂ

)
ambient
medium

P,

(3) hot spot

Fig. 1. Schematic picture of interaction of the ambient
medium and the relativistic jet in the FR II radio galaxy.
Most of the kinetic energy and mass of jet is deposited
in the over-pressured cocoon with the cross section area
of cocoon body (Ac). The sideways expansion speed of
cocoon is vc.. The reverse shocked region is identified as a
hot spot. The forward shock is identified as a bow shock.
The area of the radio lobe at the position of hot spots
(Ay) is larger than that of hot spots. The area of bow
shock expands into the ambient medium with speed (vn).
The observable radio lobes are constituted near the ends
of jets.

tion of jet head at reference position rq, respectively.
Thus, the evolution of the hot spot velocity vus(r)
(=the head velocity vy, (r)) is written by

vps (1) = vas o(r/ro) @ ~A/2, (1)

where, vhg o is the velocity of hot spot at 7.

2.1. Basic Assumptions

Our main assumptions are as follows:

1. We suppose that the speed of jet is relativistic
on the large scale (~ 100kpc) and that the jet
consists of the cold matter (the pressure ~ 0);

2. The mass, energy and momentum of jet are con-
served in time. Namely, we do not consider the
effect of entrainment?;

3. The magnetic fields are passive in large scale
and we ignore their dynamical effect.

For (1), some authors suggested that the jet would
be relativistic (e.g., Celotti, Ghisellini, & Chiaberge

2The effect of entrainment is that of the energy and mass
losses caused via the complex and turbulent mixing layer that
separates the jet from the surrounding medium.
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2001) although the jet speed on large scales is still
under debate. To explain the remarkable hot spots
identified as a strong shock, the assumption of dy-
namically cold jet matter is reasonable. The assump-
tion (2) is supported by numerical simulations for
highly relativistic flows (e.g., Scheck et al. 2002).
Our approach is a complementary one against the
works considered the entrainment (De Young 1997).
The assumption (3) is based on the results that a
multi-frequency analysis of radio galaxies show the
energy density of magnetic fields tend to be smaller
than that of non-thermal electrons (e.g., Leahy &
Giani 2001; Isobe et al. 2002).

2.2. Jet propagation

In the case of a cold relativistic jet, the mass
(J), energy (L) and momentum (@) flux are given
as follows (Blandford & Rees 1974);

J(r) = Ti()A(r)pi(r)e (2)
L(r) = T{nA)pr)c (3)
Q(r) = Ti(r)4;(r)p;(r)c* (4)

where I'j, pj, and A; are the Lorentz factor, the mass
density, and the cross section, respectively. Based
on these conditions, we found the following relations
for a cold relativistic jet;

Ii(r) = constant (5)

pi(r)A;(r)c = constant . (6)

Interestingly, the Lorentz factor I'j(r) does not de-
pend on the distance from the galactic center.

2.3. Interaction between jets and ambient
-local 1D shock junction-

In order to treat the interaction between jets and
ambient medium in a declining ambient mass density
with slope index «, we review the 1D shock jump
conditions briefly (see Kino & Takahara 2004 for de-
tails).

As shown in Figure 1, we use terminology of re-
gion 4 (i=1, 2, 3, and 4) with the number marking the
four regions in the head part of AGN jets as follows:
(1) the un-shocked ambient medium, (2) the shocked
ambient medium, (3) the shocked jet which is iden-
tified with hot spots, and (4) the un-shocked jet. In
general, we solve for 3+3=6 downstream quantities
when 3+3=6 upstream quantities are given.

As for FR IT sources, it is able to select 6 givens in
a different way. The properties of ambient medium
are known from X-ray observations to give Py (= F,),
p1(= pa), and v; = 0. Here, P, is the ambient pres-
sure. The hot spot advance speed wvyg is inferred
from the synchrotron aging method (e.g., Carilli et
al. 1991). From the assumption of a cold jet, Py = 0.
Here we adopt the I'y(= TI'j) as a given parameter.
Thus, by using the plausible shock conditions, we
can obtain py, P» = P3 = Pys, p3 = pas, p4 = pj,
vpg and vrs, where vpg and vrg are the velocity of
the forward shock front (FS) and that of the reverse
one (RS).

The forward shocked region quantities are given

by the well-known shock jump conditions in non-
relativistic limit (Landau & Lifshitz 1959),

s = Sues(1-1/M3) 7

po= T ®)
1+ 3(1/M3?)

O L P T

where M; = vps/+\/(5P./3p.) is the Mach number
of the upstream of FS. In this work, we treat the

forward shock as a non-relativistic one because the
speed of hotspots is estimated to be in the range
0.01c to 0.1c (e.g., Liu, Pooley, & Riley 1992), and
adopt the adiabatic index of the downstream as 5/3.

From eqgs. (7) and (9), we express Pus(r) by two
observable quantities vys(r) and p,(r) as follows;

pa(r)vms(r)®.  (10)

PHS(T) _ % (1 — (1/M12))2

(5 — (1/M7))

On the other hand, in the reverse shocked region,
by using the strong limit jump condition (Blandford
& McKee 1976) and eq. (10), we have the radial
dependence of the mass density in the hot spot and
the jet as follows;

B Prg(r)
mst) = Tnm-ve
_ Prs(r)
Al = GETomone 1Y

where v3 = 4/3. From these equations, we find that
the radial dependences of pus(r) and pj(r) are the
same as Pys(r).
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2.4. Cocoon dynamics

The formation of the cocoon was initially pro-
posed by Scheuer (1974). The cocoon is filled with
the relativistic medium escaping through the hot
spots (see Figure 1). Begelman & Cioffi (1989) de-
scribed both propagation of the head part of jets and
the transverse growth of the cocoon itself. Then,
they expressed the evolution of radio sources with
the self-similar solutions.

Recently, Kino & Kawakatu (2005, hereafter
KKO05) dealt with the cocoon dynamics in FR 11 ra-
dio sources without using the self-similar model (see
KKO05 for the differences from self-similar model).
By solving the equation of motion along the jet axis,
sideways expansion, and energy conservation in the
cocoon, they obtained the wv.(r), vn(r), P.(r), and
Ap(r) as a function of the distance from the galactic
center (for details see KK05). Here, v., vy, P. and Ay,
are the velocity of cocoon sideways expansion, that
of the advance velocity of the cocoon head part, the
pressure of cocoon, and the cross section of the head
part of cocoon, respectively . Note that in order
to convert t-dependence to r-dependence we use the
equation r = f(f vp(t)dt’ and r, = fot ve(t')dt’ where
r¢ is the length of the cocoon. By using the analytic
solutions of KKO05, these quantities are given by

0.5X—1
r\ XC2r05a7s
(—) , (13)

To

<
]
—

=
=

®

X(1—a/2)-2
r\ X(—2F0.50)+3

P.(r) « (%) ) (14)
2-X(2-0.50)
r\ X(—2+0.50)+3

vp(r) (To) ) (15)

X(a—2)(—240.5)+3a—4
( r X(—2+0.50)+3

Ap(r) « — , (16)

To

where X is the power law index of the effective cross
section of the cocoon body A, o t¥.

2.5. Connection between jet and its cocoon

The growth rate of the head part of jets 5 can be
obtained explicitly as the function of & and X (egs.
(1), (15)and (16)) as follow;

X(a—2)(-2+0.50) + 3a — 4

= X(—2+0.5a) + 3

(17)

From this, we can connect the dynamical evolu-
tion between a jet and a cocoon. With combining
the 1D shock jump conditions, we get the evolution

of vus, Pus, pus, and pj as follows;

2—X(2-0.5q)

r\ X(-2+0.50)13
vas(r) = vmsp (—) ) (18)
To
X(2-0.50)(a—2)+4—3a
r X(—2+40.5a)+3
Pus(r) = Pusp (r_> ,(19)
0

X (2—0.5a)(a—2)+4—3a

r X(—210.50)+3
pus(r) = pHS,0 <—> , (20)
o
X

(2—0.5a)(a—2)+4—3a

r X(—210.5a)+3
pi(r) = pjo <—) , (21)

where vns 0, Pus,0, pus,0 and pjo are the physical
quantities at rg, respectively. On the velocity of hot
spots (vms), larger « leads to the stronger accelera-
tion effect due to the lighter ambient medium, while
larger X leads to the stronger deceleration effect be-
cause of the stronger interaction with the ambient
medium.

It is useful to define the aspect ratio of the co-
coon, R(r) = rc/r. Using this, the evolution of the
aspect ratio of cocoon is written by

X(2.5-0.5a)—3

r\ X(-2F0.50)%3
R(r) = Ro (—) , (22)

To

where Ry is the aspect ratio at rg.

The jet thrust is defined by F = A;(r)Pus(r).
From eq. (6) and 1D shock junctions, we found
F = pa(r)vi(r)A;(r) = constant. On the other
hand, the equation of motion along the jet axis shows
pa(r)vi(r)An(r) = constant (see §2). Hence, the ra-
dial dependence of A;(r) is the same as that of Ay, (r).
Then, the evolution of the cross section of hot spots
Aj(r) is obtained as

X (a—2)(—240.5a)+3a—4
r X(—2+0.50)+3

Ai(r) = Ajo <% . (23)

Since the cross section of the hot spot is expressed
by Aj(r) = mrig(r), the evolution of hot spot radius
is estimated as

X (a—2)(—240.5a)+3a—4

r 2X(—2+0.50)+6
ras(r) = ras,o -
0

(24)

In summary, we solve the all physical quantities
as functions of two key physical quantities, namely «
(the slope index of the ambient matter density) and
X (the growth rate of cross section of cocoon body)
without using the self-similar models.
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3. DISCUSSIONS
3.1. Comparison with previous works

In order to compare with previous works, it is
worth to describe our solutions in the case of the
constant aspect ratio in time (r/r. = constant). In
this case, X (2.5 — 0.5a) — 3 = 0 is required from
eq. (22) and thus we can eliminate the parameter
X from eqs. (13)-(23). As a result, we obtain the
following results: v.(r) o< vus(r) r(@=2)/3 P.(r) «
Pugs(r) oc 7= @93 pug(r) oc r= @D/ pyg(r) o
(@06 p(r) o = (@+D)/3,

The dynamical evolution of radio sources with
self-similar model were suggested by some authors
(e.g., Fanti et al. 1995; Begelman 1996; Kaiser &
Alexander 1997). In this work, we focus on the
model of Begelman (1996; other comparison will be
in Kawakatu, & Kino 2005, in preparation). In his
model, the different assumptions from our model are
(1) the hot spot pressure is proportional to the co-
coon one (Pug(r) o< P.(r)), and (ii) the constant
aspect ratio of the cocoon in time. The latter re-
sults in a constant ratio of the hot spot radius to
the distance from the nuclei (rpg(r) o« r). Note
that our model solves the evolution of a hot spot
pressure and a coccon shape without assumptions.
As a result, he found the following self-similar solu-
tions; ve(r) oc vps(r) oc r(@=2/3 P.(r) o< Pys(r) o
r=(@+4)/3 " These results coincide with ours when
a = 2. In the case of a # 2, his model does not
satisfy with the constant jet thrust in time because
of F(r) = nrig(r)Pus(r) oc r3=*)/3. On the other
hand, his model should fill with the condition of the
constant jet thrust since a loss-free jet was supposed.
According to our results (egs. (14) and (19)), the
assumption (i) is not valid in the case of o # 2.
Therefore, an important difference between Begel-
man’s model and our model is that we describe the
evolution of physical properties in hot spots (Pgs
and ryg) consistently with keeping the conservation
law for the jet.

3.2. Ewolution of radio sources

Recent observations have suggested that the ad-
vance speed of the hot spot is roughly constant for
the different scale radio sources (Readhead et al.
1996b, Carilli et al. 1991; Conway 2002). In this sec-
tion, we discuss the case of vgg = constant. From
eq. (18), 2 — X(2 — 0.5a) = 0 is required in the
case of constant hot spot velocity. By eliminating
the parameter X, the following results are obtained;
ve(r) oc r=(@=2/(@=1) " P () oc r¥/ (@D Pyug(r) o
r=% pus(r) o r®, rps(r) o« ra/2, pj(r) oc r=*, and
R(r) oc r—(@=2)/(a=4)

As for the ambient density profile, we adopt a
single power law model, p,(r) o r~'% based on
Reynolds & Fabian (1996) and Smith et al. (2002).
In this case, the dynamical evolutions of jets are
as follows; wvus(r) = constant, Pgs(r) o r~15,
ruas(r) o< 707 and R(r) o 77%2. We should keep
in mind the above results depend on the slope index
a (0 < a<2.0).

Observationally, Perucho & Mart{ (2002) found
that Pys(r) oc r~17#04 and ryg(r) oc r10+03 for
CSOs. Readhead et al. (1996a) also mentioned
the evolution of hot spot pressure with Pyg(r)
p~1:3+013 for CSOs and FR II sources. Our model
reproduces this observational data well in the case of
constant vgg. In our model, moreover, the weak evo-
lution of cocoon shape is predicted (R(r) oc r=02).

4. SUMMARY

In order to reveal the evolution of radio sources,
we propose a new dynamical co-evolution model of
jet and its cocoon. As key components, we take
into account the effects of (i) the mass density gra-
dient of the ambient medium, and (ii) the growth
of head cross section area of the cocoon. Based
on this model, we express the evolution of physi-
cal properties in hot spots as a function of slope
index of ambient density («) and the growth rate
of the cocoon body (X). An important difference
from the self-similar model of Begelman (1996) is
that we solve the evolution of hot spots consistently
satisfying the conservation law for the mass, energy
and momentum flux of the jet. Moreover, our ana-
lytic model can explain the observational trends of
vus(r) =~ constant, Pus(r) oc =715 ryg oc r=0-75,
As a ongoing project, we are comparing with the ob-
servational data quantitatively (Kawakatu & Kino
2005, in preparation).

We thank A. Celotti for stimulating discussions.
We acknowledge the Italian MIUR and INAF finan-
cial supports.

REFERENCES

Begelman, M. C. 1996, in Cygnus A — Study of a Radio
Galaxy, ed. C. L. Carilli & D. E. Harris (Cambridge:
Cambridge Univ. Press), 209

Begelman, M. C., & Cioffi, D. F. 1989, ApJ, 345, L.21

Blandford, R. D., & McKee, C. F. 1976, Phys. Fluids,
19, 1130

Blandford, R. D., & Rees, M. J. 1974, MNRAS, 169, 395

Bridle, A. H., & Perley, R. A. 1984, ARA&A, 22, 319

Carvalho, J. C. 1985, MNRAS, 215, 463



© 2007: Instituto de Astronomia, UNAM - Triggering Relativistic Jets - Supplement
Ed. William H. Lee & Enrico Ramirez-Ruiz

DYNAMICAL EVOLUTION OF AGN JETS 197

Carilli, C. L., et al. 1991, ApJ, 383, 554

Celotti, A., Ghisellini, G., & Chiaberge, M., 2001, MN-
RAS, 321, L1

Clarke, D. A., Harris, D. E., & Carilli, C. L. 1977, MN-
RAS, 284, 981

Clarke, D. A., Norman, M. L., & Burns, J. O. 1986, ApJ,
311, L63

Conway, J. E. 2002, NewAR, 46, 263

Cox, C. 1., Gull, S. F., & Scheuer, P. A. G. 1991, MNRAS,
252, 558

De Young, D. S. 1997, ApJ, 490, L55

Fanti, C., et al. 1995, A&A, 302, 317

Isobe, N., et al. 2002, ApJ, 580, L111

Jennison, R. C., & Das Gupta, M. K. 1954, Nature, 172,
966

Kaiser, C. R., & Alexander, P. 1997, MNRAS, 286, 215

Kawakatu, N., & Kino, M. 2005, in preparation

Kino, M., & Takahara, F. 2004, MNRAS, 349, 336

Kino, M., & Kawakatu, N. 2005, MNRAS, 364, 659

Landau, L. D.; & Lifshitz, E. M. 1959, Fluid Mechanics
(Oxford: Pergamon Press)

Leahy, J. P., & Gizani, N. A. B. 2001, ApJ, 555, 709

Lind, K. R., et al. 1989, ApJ, 344, 89

Liu, R., Pooley, G., & Riley, J. M. 1992, MNRAS, 257,
545

Marti, M. A., et al. 1997, ApJ, 479, 151

Murgia, M., et al. 1999, A&A, 345, 76

Norman, M. L., Smarr, L., Winkler, K.-H. A., & Smith,
M. D. 1982, A&A, 113, 285

O’Dea, C. P., & Baum, S. A. 1997, AJ, 113, 148

Owaiank, I., Conway, J. E., & Polatidis, A. G. 1998,
A&A, 336, L37

Phillips, R. B., & Mutel, R. L. 1980, ApJ, 236, 89

. 1982, A&A, 106, 21

Perucho, M., & Marti, J. M. 2002, ApJ, 568, 639

Readhead, A. C. S., Cohen, M. H., & Blandford, R. D.
1978, Nature, 272, 131

Readhead, A. C. S., et al. 1996a, ApJ, 460, 634

Readhead, A. C. S., et al. 1996b, ApJ, 460, 612

Reynolds, C. S.; & Fabian, A. C. 1996, MNRAS, 278, 479

Scheck, L., et al. 2002, MNRAS, 331, 615,

Scheuer, P. A. G. 1974, MNRAS, 166, 513

Smith, D. A., et al. 2002, ApJ, 565, 195

Smith, M. D., et al. 1985, MNRAS, 214, 67

Taylor, G. B., et al. 2000, ApJ, 541, 112

Turland, B. D. 1975, MNRAS, 172, 181

Wilkinson, P. N., et al. 1994, ApJ, 432, L87

Williams, A. G., & Gull, F. G. 1985, Nature, 313, 34

Wilson, M. J., & Scheuer, P. A. G. 1983, MNRAS, 205,
449

van Breugel, W. J. M., Miley, G. K., & Heckman, T. A.
1984, AJ, 89, 5

Nozomu Kawakatu and Motoki Kino: SISSA, via Beirut 2-4, Postal 34014 Trieste, Italy (kawakatu@sissa.it).



