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Abstract

We present results from an extensive synthetic obser-
vation analysis of numerically-simulated radio galaxy
jets. This is the first such analysis to be based
on simulations with sufficient physical detail to al-
low the application of standard observational analysis
techniques to simulated radio galaxies. Here we fo-
cus on extracting magnetic field properties from non-
thermal intensity information. We study field values
obtained via the combination of synchrotron radio and
inverse-Compton X-ray data as well as those from the
minimum-energy approach. The combined radio/X-
ray technique provides meaningful information about
the field. The minimum-energy approach retrieves
reasonable field estimates in regions physically close
to the minimum-energy partitioning, though the tech-
nique is highly susceptible to deviations from the un-
derlying assumptions. We also look at how the two
field measurement techniques might be combined to
provide a rough measure of the actual energy in parti-
cles and fields. A full report on this work can be found
in the Astrophysical Journal, Volume 601, page 778.

1 Introduction

X-ray observations of extragalactic radio sources pro-
vide a useful complement to detections of radio syn-
chrotron emission. For instance, it has been known
for decades that detections of inverse-Compton scat-
tering of the cosmic microwave background (CMB)
(hereafter IC/3K emission) can be combined with ra-
dio synchrotron observations to extract information
about non-thermal particles and magnetic fields in ra-
dio galaxies (e.g., Harris & Romanishin, 1974; Cooke,

Lawrence, & Perola, 1978; Harris & Grindlay, 1979).

In the absence of complementary X-ray observations,
minimum-energy (ME) arguments are often used to es-
timate field strengths. However, conclusive theoreti-
cal arguments for equipartition between radio-emitting
electrons and magnetic fields remain elusive.

Both ME and IC/3K field measures require assump-
tions about the particle and field distributions, such as
volume filling factors, spectral cutoffs, and other pa-
rameters that are not directly accessible to observa-
tions. Customary assumptions include a uniform mag-
netic field geometry and a pure power-law distribution
of particles. Often, however, such assumptions may be
unrealistic.

Here we use synthetic observations as a tool for investi-
gating these issues in a manner that makes minimal use
of simplifying assumptions, while retaining the bene-
fit of complete knowledge of the actual physical con-
ditions being observed. We present the highlights of
this investigation here; a full report can be found in
Tregillis, Jones, & Ryu (2004) (hereafter TJR04).

2 Numerical methods

Our numerical methods have been detailed in Jones,
Ryu, & Engel (1999), Tregillis, Jones, & Ryu (2001),
and TJR04. We refer the reader to those papers for
a complete description. In short, we follow the bulk
flow through a three-dimensional total variation dimin-
ishing (TVD) Eulerian ideal magneto-hydrodynamic
(MHD) scheme. Within the non-relativistic bulk MHD
flows, we evolve a passive population of relativistic
electrons (

�����
10 GeV) through the standard particle

kinetic equation. The particle evolution is treated self-
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Table 1: Summary of simulations

Model � ���
	 ( � G) ��
��������������
Control (1) 0.0 0.39 1.6 � 10 �

Injection (2) 10 ��� 0.39 1.6 � 10 �
Cooling (3) 0.0 5.7 1.0

consistently, incorporating first-order Fermi accelera-
tion at shocks as well as adiabatic and radiative cool-
ing.

2.1 The models

The passive nature of the non-thermal electron popu-
lations enabled us to conduct several numerical simu-
lations of the same dynamically-identical jet, each fo-
cused on a different set of cosmic ray (CR) parameters.
The dynamical model consisted of a light ( �! ��" �#�$��%'&
= 10 �)( ), supersonic ( *  �+" = 8), magnetized ( �-, =
2 �.�
/�0�1��#132#4 for 1 � 132 ) jet propagating through a uni-
form ambient magnetized medium ( �5��%6&879�.�:7�.�
/ ). The jet was not magnetically dominated, with;

= 10 ( initially on axis.

Radiative cooling timescales ( �<
=��� ) were parameter-
ized through the physical value of �>�
/ . The injection
of fresh non-thermal particles at shocks was parame-
terized via the parameter � , the fraction of the thermal
flux through each shock injected into the downstream
non-thermal population. Parameter values for all three
models are listed in Table 1.

In each model, the jet non-thermal electron population
entered with a momentum index ? = 4.4, representing
a synchrotron spectral index, @ = ( ?BA 3)/2 = 0.7, whereCED-FHG �)I .

2.2 Synthetic observations

We construct synthetic observations of the simulated
jets in the following manner. First, we combine vec-
tor magnetic field and non-thermal electron distribu-
tion data to calculate self-consistent synchrotron radio
and IC/3K X-ray volume emissivities in every zone of
the computational grid. Then we apply a ray-casting
procedure to perform line-of-sight (LOS) integrations
and project the simulated objects on the sky. The out-
put data is written in FITS format and analyzed using
conventional packages (MIRIAD and KARMA (Gooch,
1995)).

As given by Jones, O’Dell, & Stein (1974), the syn-

Figure 1: Scatter plots of 7.5 keV IC/3K versus 2.9 GHz
synchrotron brightness in code units. The dashed lines rep-
resent the relationships JLKNM$OQPSRUTVJ!W OQPX and JYKNM$OQPSRUTVJ!W OQZX .
They are solely for comparison and are not statistical fits.
From TJR04.

chrotron emissivity is[<\ 0 G 4]7 [ I / ^�_a` (bdc 0fe \ 4geih\kj G!limGon I G!limqp (1)

The spectral index @ is related to the local elec-
tron momentum index ? via @ = ( ?BA 3)/2,

G$l m 7` �srLtguwv��B0+x _Eyz� b 4 , where v projects the local field
onto the sky, and

[ I / is an order-unity dimensionless
constant, defined in Jones, O’Dell, & Stein (1974).
For a selected observing frequency,

G
, the distribution,c 0fe \ 4 , and the index, ? , are determined for each point

on the grid by establishing the relevant electron mo-
mentum from the relation e \ 7|{}x G �B0+~ G l m 4��+�g�S��(L� , withe \ in units

y�� b . This calculation properly accounts for
spectral curvature and the orientation of the magnetic
field on the plane of the sky.

The X-ray IC/3K emissivity,
[ �Y� 0 G�� 4 , can be sim-
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ply expressed at a selected X-ray frequency,
G��

, in
terms of the synchrotron emissivity,

[!\ 0 G � 4 , in Eq. (1)
extrapolated to

G �
; namely (Jones, O’Dell, & Stein,

1974)[ �Y� 0 G � 4]7 ` �Y�I /���� b` ( b3�)� G I�����^�_ G �S�EIl m 0����s�$4 �L�EI [<\ 0 G � 4��
(2)

where �i� 7H��� �/ and
G � 78�$�E/<��� are the energy den-

sity and characteristic frequency, respectively, at the
current epoch of the CMB, while

` �Y�I / is another order-
unity constant that can be obtained from Jones, O’Dell,
& Stein (1974). We note in Eq. (2) that

[!\ 0 G � 4 is nor-
malized and @ is determined at e � 7|0 G � � G � 4��S��( .
3 Radio and X-ray brightness correlations

Correlations between different intensity distributions
accurately reflect basic dynamical relationships be-
tween particles and fields in our models. Figure 1 de-
picts 7.5 keV IC/3K X-ray brightness plotted against
2.9 GHz radio synchrotron brightness for all three
models.

The IC/3K versus radio trends are well-described for
all three models by the proportionality �#�g� ���Y� F �� ¡ ,
with

y£¢
1/3–1/2. If the magnetic field scaled with the

electron density as � F¥¤§¦�
, then since � �g� ���Y� F8¤ �L¨

and � ¡ F|¤ �Y¨ � �S�EI (where
¨

is the path length) we
would have � �g� ���Y� F � �S���g�S� ¦ �g�S�EI��©�¡ ª �� ¡ .

On the other hand, standard arguments suggest � F�$(L��� for a disordered field in compression-dominated
flows. Assuming

¤ � F � , this gives
y

= 3/(5 + 2 @ ).
For @¬« 0.5–1, typical of the synthetic radio sources,
this would yield

y « 0.5–0.43. Alternatively, at per-
pendicular shocks one expects � F � , resulting in

y
= 1/(2 + @ ), or

y « 0.4–0.33. Thus, the observed
trends are consistent with field evolution dominated by
these dynamical processes. Field evolution controlled
by flux tube stretching would satisfy � F®­

, where
­

is
the length of the flux tube (e.g., Gregori et al., 2000). In
this case there is no explicit interdependence between
density and magnetic field. We know that the mag-
netic fields in the simulated object are filamented, so
flux tube stretching certainly takes place. The above
exercise brings out the fact that the global field evo-
lution in the simulated object is dominated by com-
pression, however. This matches our conclusions about
the simulated field behaviors in Tregillis, Jones, & Ryu
(2001). Sheared field evolution, while clearly involved
and locally important, predominantly adds scatter to

the correlations in Fig. 1.

Similar insights and information about the intensity of
the omni-directional synchrotron flux can be obtained
from plots of the synchrotron self-Compton (SSC) X-
ray brightness versus the radio brightness, and SSC
versus IC/3K brightness.

4 Estimating field strengths

Magnetic field strength can be calculated very simply
from synchrotron and IC/3K intensities for a uniform
medium when the electron distribution is a power-law.
We used the following expression for this estimated
field, ��¯±° in � G (e.g., Jones, O’Dell, & Stein, 1974;
Harris & Romanishin, 1974; Harris & Grindlay, 1979):� �S�EI¯N° 7|0�� p³²�´ �¬� ² ���Y� 4µ0+x p³²�¶ �U� ² � 4 I����.· [ �Y�I /[ I /6¸�¬0��¹�s�$4 �L�EI j G�ºG �»n I � ¡ 0 G�º 4� �g� ���Y� 0 G � 4 p (3)

For uniform particle and field distributions, this ex-
pression is exactly equivalent to inverting the analytic
calculation of synchrotron and IC/3K surface bright-
nesses in our synthetic observations.
Similarly, the standard expression used to compute
the minimum-energy magnetic field, �   � , in Gauss is
(Miley (1980)):�   � 7½¼ p¾´!¶ �U� ² �)¿ÁÀ G �S��(3�)I( A G �S��(3�)I�0��<��x5A¬@Â4 Ã (L�YÄ� À j �¹�Å�Æ n¬Ç 0 G º 4G �)Iº 0��¹�Å�$4Q�L�EIÈ � È#É¹­ rLtÊu �L��(�Ë Ã (L�YÄ p (4)

Here Ç 0 G º 4 is the observed radio flux density within an
observing beam, � ª¥ÌÂÍ 
�Î�"©ÎY� � Ì'Ï , Æ is a magnetic field
volume filling factor, Ë is the angle between the mag-
netic field and the line of sight,

È � and
È#É

are the semi-
major and semi-minor axes of the observing beam in
arcseconds,

­
is the path length through the source in

kpc, and
G � and

G ( are the fixed lower and upper syn-
chrotron cutoff frequencies in the source frame, ex-
pressed in GHz. We assume below for simplicity that�¬7 Æ 7ÐrLtÊu Ë = 1. The magnetic field is so tangled
and intermittent that assuming rLtÊu Ë = 1 introduces er-
rors of only a few percent into our analysis.
In order to incorporate the full non-thermal electron
distributions as well as possible into �   � , the fre-
quency limits needed in equation (4) correspond in
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Figure 2: Comparisons of magnetic field measures. Sym-
bols indicate the electron transport model. Associated line-
of-sight numbers are marked at the bottom of each plot ac-
cording to the associated Ñ�ÒÊÓ�Ô values. From TJR04.

each model to the characteristic synchrotron frequen-
cies of the lowest and highest energy electrons and the
fiducial magnetic field for each model. Those turn out
to be

G � = 100 Hz and
G ( = 30 GHz for the Control and

Injection models; for the Cooling model,
G � = 1500 Hz

and
G ( = 450 GHz. Our conclusions do not depend on

any of these parameter choices.
Our analysis is summarized in Fig. 2, which com-
pares �.¯N° and �   � to � 
�%]Õ for the same six LOS in
each model. The LOS were chosen to sample a vari-
ety of physical and spectral structures within the sim-
ulated objects, including jet, hotspot, and lobe struc-
tures. Here we comment on the most salient features.
Both empirical field estimates correlate roughly with� 
©%]Õ along the selected lines of sight. The bolomet-
ric synchrotron intensity does depend on the rms mag-
netic field along the line of sight, of course. The spec-
tral emissivity

[�\ 0 G 4 F � �S�EI , is similar, since in our
sources spectral index values in the range @Ö« 0.7–
1 are common. Still it is not obvious a priori how

well such a simple measure as � 
�%]Õ should compare
to inferred values, so the experiment is valuable. Two-
thirds of the ��¯±° ( �   � ) points are within a factor of
two (three) of � 
�%]Õ . The ��¯±° values are approximately
randomly distributed with respect to � 
©%]Õ .
LOS 6 passes through the jet near its origin. At
that location, the field structure is relatively simple
and approximates that introduced at the computational
boundary. Furthermore, the emission is dominated by
young electron populations in the jet that have not yet
been subjected to strong radiative aging. For all three
models ��¯±° is very close to � 
©%]Õ as well as the pro-
jected axial base jet magnetic field in the simulation.
Values of � ¯N° for lobe LOS (e.g., LOS 1 and 4) tend to
fall below � 
�%]Õ . This bias results from the presence of
substantial electron populations in weak field regions
that contribute little to the radio emission, but that do
produce X-rays. In effect the IC/3K intensity provides
an overestimate of the number of radio emitting elec-
trons, so that under the uniform source hypothesis the
field apparently needed to account for the radio emis-
sions is weakened. When compared to the distribution
of field values along individual LOS, we find �5¯N° to be
generally representative of the values being sampled.
Thus it does give a “meaningful” result, if not a simply
defined quantitative one.

Notable exceptions occur in the presence of strong
spectral curvature, such as along LOS 4 in the cooling
model. Intentionally, no correction was made for the
convex spectrum at this location, in order to expose its
potential influence. The 1.2 keV IC/3K emission used
to compute ��¯N° comes from 1 GeV electrons, while
the 2.9 GHz emission is produced by electrons with
energies about an order of magnitude higher, even in
the strongest field regions along this LOS. With a con-
vex electron spectrum the computed �>¯N° will be artifi-
cially increased, as simple arguments can show. Sup-
pose, for example, we measured the bolometric syn-
chrotron intensity, � ¡ , from electrons of energy × ¡ and
the bolometric IC/3K intensity, � �Y� , from electrons of
energy × �Y� . If the object were homogeneous, and we
fixed the observed radio band, it is simple to show that� F 0=� ¡ ��� �Y� 4QØ5Ù�Ú�Û§�3Ø5Ù3Ü , where Ø5Ù3Ú�Û and Ø5Ù�Ü rep-
resent the number of electrons required to produce the
observed intensities. If we assumed that ØÁÙ�Ú�Û and Ø5Ù3Ü
were connected by a powerlaw in × with the powerlaw
index determined by the high energy electrons respon-
sible for the radio band, but the distribution is actually
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convex, we would always overestimate � , since we
would overestimate ØÝÙ3Ú�Ûa�3Ø>Ù3Ü . This same influence
has an even more striking impact on the value of �   �
for LOS 4 in the cooling model. Under the equipar-
tition that accompanies the minimum energy assump-
tion, the effective overestimate of the electron popula-
tion also exaggerates the estimated magnetic field en-
ergy, leading to a field value about two orders of mag-
nitude greater than � 
�%]Õ and even an order of magni-
tude greater than � %q�QÞ along this LOS.

Our simulated objects are not in electron/magnetic
field energy equipartition, nor is there physics in the
simulations expected to produce this kind of equipar-
tition. Thus, while �-¯N° values are largely randomly
distributed with respect to � 
�%]Õ , there are obvious bi-
ases in the relationship between �   � and � 
�%]Õ . Those
biases correctly reflect actual deviations from the mini-
mum energy condition. In short, they trace the relation-
ship between non-thermal particle and magnetic field
energies in the predominant emission regions.

LOS 2 passes through a hotspot resulting from a shock
produced as the jet impinges on the near boundary
of its cocoon. The magnetic field is relatively com-
pressed and organized there, making the LOS distribu-
tion sharply peaked. Virtually all of the radio emission
in this direction originates in the hotspot, so that the�.¯±° and �   � values for all three models lie close to� 
©%]Õ . This is the only LOS we sampled that returns a�   � estimate in the injection model that is close to� 
©%]Õ . It is, in fact, the only LOS we sampled that
has emissions in that electron transport model predom-
inantly from regions close to electron/magnetic field
equipartition.

5 Estimating energy partitioning

In the previous section we found that the minimum
energy magnetic fields were close to the RMS fields
(or any other simple statistical measure) only when
the emission was dominated by relativistic plasma
close to equipartition. Interestingly, however, biases
in �   � correctly reflected the degree of deviation from
equipartition of the dominant plasma, consistent with
whether more energy was stored in particles or fields.
This is encouraging, as it demonstrates that biases in�   � contain useful information about the partitioning
even when the source plasma is not in a minimum-
energy configuration. In practice, unfortunately, when
we lack a reliable fiducial field measure, we have no

way to gauge biasing in the minimum-energy values.

On the other hand, we also found that a
synchrotron/inverse-Compton analysis provides
reasonable estimates of characteristic magnetic fields,
in particular � 
©%]Õ , in our simulated objects. While
there are biases that can degrade the estimates when
the fields are significantly more intermittent than the
non-thermal electrons or when the electron energy
spectra are strongly aged, the �>¯±° values we derived
were mostly within a factor of two of the RMS fields.
This all suggests that combining �>¯±° and �   � might
reveal a meaningful estimate of the ratio of non-
thermal electron and magnetic field energy and, con-
sequently, provide an improved estimate of the total
non-thermal energy compared to the minimum energy.

The obvious parameter for comparing magnetic and
non-thermal particle energies is the ratio of their local
densities; namely, ß ª Ì lÌ'Ï p (5)

Standard expressions for the minimum-energy mag-
netic field, �   � , (i.e., assuming a uniform source, a
power-law c 0feE4 , and a fixed frequency band) (see Eq.
(4)), lead to the simple relationß 7 ß %]à}� j ��   � n ÄY��( p (6)

Here � is the actual field strength, �   � is the field
strength inferred from the observed synchrotron emis-
sion, and

ß %]à}� ª �� 0��5�:��4 corresponds to the case�á7|�   � . The exact value of � makes no substantial
difference to our conclusions, so for convenience we
will still apply the commonly used value � = 1. Similar
expressions for the total energy density in non-thermal
particles and magnetic fields can also be derived.
Since �.¯N° provides meaningful information about the
magnetic field, it seems reasonable to use �5¯N° for � in
Eq. (6). Doing so leads to an observational measure-
ment of the partitioning parameter,

ß
. In the case of

power-law spectra and uniform fields (again, the stan-
dard assumptions underlying the �   � and �.¯N° deriva-
tions), this measurement will exactly reproduce the
true partitioning.
In practice, any source will deviate from those over-
simplified conditions, as do our models. Since

ß
varies

faster than the cube of the inferred magnetic field,
small errors in the measurement of the local field may
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Figure 3: Comparisons of â�ãQä�Ô and ågâ�æ . Symbols indicate
the electron transport model. From TJR04.

grow quickly into large errors in

ß
. Thus it is worth us-

ing synthetic observations to investigate the utility of
this approach.

As mentioned in section 4, LOS 6 passes through the
base of the jet. Physical conditions near the base of
the jet should be close to those set by the simula-
tion initial conditions. Furthermore, the jet magnetic
field is smoothly helical as it enters the grid, and thus
more ordered there than throughout the rest of the
source. This LOS therefore provides a useful test of
the observationally-derived

ß
value. Table 2 lists the

ß
values at the base of the jet defined by initial conditions
in all three models, and the observationally derived val-
ues.

Table 2: Energy partitioning at the jet base

d Control Injection Cooling
Defined 1.6 � 10 ��� 1.6 � 10 � 1.6 � 10 ���
Derived 1.7 � 10 ��� 1.2 � 10 � 9.2 � 10 �)(

For � = 1 (

ß %]à}� = 1.5), the control and cooling model
jets enter the computational grid within an order of

magnitude of the minimum-energy partitioning. The
injection model jet is several orders of magnitude out
of equipartition, with the dominant contribution com-
ing from the field. We see that in all three models, the
observationally derived value of

ß
matches the value

set by initial conditions to well within a factor of two.
Encouraged by this result, we cast our net more widely,
using our privileged information as simulationists to
compute ç ßBè , the mean value of

ß
along each line of

sight, in all three models. Figure 3 shows the observa-
tionally derived partitioning value

ß ÎY&�Õ plotted againstç ß�è . There is a rough correspondence between

ß ÎY&�Õ
and ç ß�è for most of the data, although the agreement
is not generally better than about an order of magni-
tude. Though we should not expect exact correspon-
dence, since

ß ÎY&�Õ is based on two indirect measures
weighted to different points along each LOS. Two LOS
in the cooling model (label L1 and L4 on Fig. 3) show
strong deviation from the mean

ß
value. Both of those

cases are due to spectral curvature in the lobe, against
which we have not corrected this simple experiment. If
the electron spectrum is convex, care must be taken to
properly account for the low-energy electrons, or �   �
will be overestimated, which in turn will have a strong
influence on

ß ÎY&�Õ .
The estimation of local energy partitioning based on�.¯N° and �   � works best in regions that are not strongly
radiatively aged and where the partitioning is not ex-
pected to vary strongly over short distances, such as
inside jet structures. There is increasing evidence for
Doppler-boosted IC/3K emission from some radio jets
(Tavecchio et al., 2000; Sambruna et al., 2001; Celotti
et al., 2001). It would be interesting to apply a rela-
tivistic version of this technique to those sources, prop-
erly accounting for beaming effects.
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