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time averaged kinetic energy �ux of the secondary at

Q � 1042 erg sŠ1. Low-frequency very long baseline array
observations indicate that the secondary is seen through a shroud of free–free absorbing gas with an emission
measure of� 108 cmŠ6. The steep spectrum secondary component appears to be a compact radio lobe that is
associated with a working surface between the ram pressure con�ned jet and a dense medium that is likely to
be the source of the free–free absorption. The properties of the dense gas are consistent with the temperatures,
displacement from the nucleus, and the column density of total hydrogen commonly associated with the BAL wind.
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1. INTRODUCTION

At a redshift of 0.042, Mrk 231 is one of the nearest radio-
quiet quasars to Earth. Mrk 231 is a well-studied object because
it is one of the brightest active galactic nucleus (AGN) in the
infrared sky. It is a quasar that is partially obscured by dusty
gas as evidenced by its red optical/ UV spectrum (Lipari et al.
1994; Smith et al.1995). The host galaxy has a strong starburst
contribution, but the obscured AGN bolometric luminosity,Lbol,
can be inferred from a pronounced 10µ peak in the IR spectrum
(Farrah et al.2003; Lonsdale et al.2003). Using the extracted IR
AGN luminosity, we estimate from QSO composite spectra (see
Punsly & Tingay2005; Telfer et al.2002; Zheng et al.1997)
that the total thermal luminosity created by the central engine
is L bol � 2 × 1046 erg sŠ1, and Mrk 231 would appear as athe designation of a quasar as a BALQSO depends on whether

the line of sight intersects the solid angle subtended by the BAL
out�ow. Mrk 231 is a LoBALQSO (a BALQSO that exhibits
low ionization resonant absorption troughs). Mrk 231 has broad
absorption in a variety of low ionization species, Mgii � 2798,
the well-known Nai D doublet, Hei � 3889 I, Caii K � 3934,
and Caii H � 3968 (Smith et al.1995; Lipari et al.1994; Martel
1997). Thus, Mrk 231 displays the full panoply of quasar-related
phenomena, broad emission lines, powerful thermal luminosity,
UV broad absorption lines, and a radio jet. Therefore, as a conse-
quence of its proximity to Earth, Mrk 231 can provide an optimal

7 The radio loudness,R, is usually de�ned as a 5 GHz �ux density 10 times
larger than the 4400 Å �ux density,R = S5 GHz/S4400 Å < 10 (Kellermann
et al.1989). This de�nition is not appropriate if there is intrinsic extinction, as
in BALQSOs. One must correct for the intrinsic blue band extinction and
recompute theRwith dereddened blue �uxes (Becker et al.2000). Noting the
blue band extinction in the text and using the historic 5 GHz �ux densities
from NED yields a dereddened radio loudness, 1.4 < R < 3.8. This is close to
the radio intermediate quasar category, 10< R < 250, which are often just
Doppler boosted radio quiet quasars (Falcke et al.1996). We show that
Doppler boosting greatly enhancesR in Mrk 231 as well. The intrinsic radio
quiet nature of the AGN in Mrk 231 is not directly apparent because of optical
reddening and Doppler boosting.
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Figure 1. VLBA 8 GHz images of Mrk 231 from epoch 2000.02 (left) and epoch 2006.67 (right). The contours start at 0.7 mJy beamŠ1 and increase in factors of 2 to
a maximum of 89.6 mJy beamŠ1.

opportunity to study the interaction of these physical elements
by means of high-resolution VLBI observations on sub-parsec
scales.

Earlier, 15 GHz self-calibrated very long baseline array
(VLBA)8 observations reported in Ulvestad et al. (1999a, 1999b)
with sub mas resolution revealed a double radio source separated
by approximately 1 pc. We initiated a program to look for more
sub-structure and component motion at higher resolution by
means of phase-referenced observations at 22 GHz and 43 GHz
VLBA as discussed in Section 2. No further resolution into sub-
components was achieved even at 43 GHz. The two archival
epochs showed that the nucleus was very dynamic and set
a lower bound on the time variability brightness temperature
of Tb > 1010 K, below the inverse Compton limit, � 1012 K
(Ulvestad et al. 1999a, 1999b). Thus motivated, our program
of observations attempted short time interval sampling (three
months between the epoch 2006.07 and 2006.32) in order
to elucidate this highly dynamic behavior. Mrk 231 did not
disappoint; there was an enormous flare between these two
epochs. Section 5 is dedicated to analyzing the rapidly changing
core. We use our data and the adopted cosmological model to
show that the strong flare will violate the constraints associated
with the brightness temperature limit unless relativistic Doppler
beaming is invoked.

We also explore the steep spectrum secondary component
of the nucleus of Mrk 231 in Section 6. It is mildly variable,
and it is just less than a parsec from the core. Based on
the nature of the relativistic core, it is natural to wonder if
there is any relativistic motion of the secondary. In Section 3,
we determine that the secondary is either not moving at all
or is moving at velocities far below relativistic values. Thus,
the more relevant question becomes what is constraining the
secondary from having such motion. Section 6 uses our VLBA
observations and archival low-frequency observations to model
the apparent free–free absorption of the secondary emission.
We argue that this same gas is confining the secondary by ram
pressure and that this gas is likely one and the same as the BAL
wind.

8 The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

2. THE OBSERVATIONS

High-frequency (15, 22, and 43 GHz) observations were
conducted at epochs 2006.07 (Project ID BP124A) and 2006.32
(Project ID BP124B) with all 10 antennas of the VLBA. In
addition, data from 2000.02 (Project ID BU013E) at frequencies
of 8.4, 15, and 22 GHz and 8.3 GHz data from 2006.67
(Project ID BA080B) were retrieved from the VLBA public
archive. The data were correlated on the VLBA correlator
in Socorro, NM and calibrated with NRAO’s Astronomical
Image Processing System (AIPS) software package. In addition
to the standard calibration procedure for VLBI polarization
observations (Cotton 1993; Leppänen et al. 1995), an attempt
was made to correct for amplitude losses due to opacity using
the AIPS task APCAL (Leppänen 1993).

At all epochs and frequencies, except 2006.67, the data
were initially phase-referenced (Beasley & Conway 1995) to
J1302+5748. At frequencies below 43 GHz, the data were then
phase self-calibrated, but at 43 GHz there was insufficient
signal to noise to allow this. The phase reference source
was imaged to provide the best-possible model for the phase
referencing procedure, but proved in any case to be a very close
approximation to a point source.

Figure 1 captures the images of the 8.4 GHz observations
from 2000.02 and 2006.67. Figures 2 and 3 are the images at
15 and 22 GHz, respectively, for all three epochs, and Figure 4
is the 43 GHz images from 2006.07 and 2006.32. All images
of Mrk 231 presented in this paper are made with Briggs’
robust weighting scheme (Briggs 1995), with the robustness
parameter set to zero, with the exception of the 43 GHz image
at epoch 2006.32 where natural weighting is used. All images
are centered on the position of the southwestern, secondary
component at rectangular coordinate (0 mas, 0 mas).

Each of the images shows a pair of unresolved components
separated by about 1 mas that vary in brightness, but do not
vary significantly in separation. The NE component is the most
variable and has the flattest spectrum, and it is assumed to be
associated with the AGN nucleus.

Gaussians were fitted to the positions of the two components
using the DIFMAP software package (Shepherd et al. 1994,
1995) and the resultant parameters are presented in Tables 1
and 2. Errors in the flux density in Table 1 arise from two sources:
the absolute flux scale error and an error due to uncertainties
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Figure 2. VLBA 15 GHz images of Mrk 231 from epoch 2000.02 (left), epoch 2006.07 (middle), and epoch 2006.32 (right). The contours start at 1.8 mJy beamŠ1

and increase in factors of 2 to a maximum of 57.6 mJy beamŠ1.
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Figure 3. VLBA 22 GHz images of Mrk 231 from epoch 2000.02 (left), epoch 2006.07 (middle), and epoch 2006.32 (right). The contours start at 1.8 mJy beamŠ1

and increase in factors of 2 to a maximum of 57.6 mJy beamŠ1.
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Figure 4. VLBA 43 GHz images of Mrk 231 from epoch 2006.07 (left) and epoch 2006.32 (right). The contours start at 2.2 mJy beamŠ1 and increase in factors of 2
to a maximum of 17.6 mJy beamŠ1.

in the model fit. The method used to determine the model-fit
part of the error is from Britzen et al. (2007). The absolute flux

scale errors for the VLBA are estimated to be � 5% at 8 GHz
(Ulvestad 2008) and 15 GHz (Homan et al. 2002), and � 7% at



854 REYNOLDS ET AL. Vol. 706

Table 1
High-Frequency VLBA Observations Data Summary

Component Date 8.4 GHz Flux 15 GHz Flux 22 GHz Flux 43 GHz Flux
Density (mJy)/% Pa Density (mJy)/% Pa Density (mJy)/% Pa Density (mJy)/% Pa

NE 1996.93 18± 2 17± 2 . . . . . .
NE 1998.71 . . . 44± 3 . . . . . .
NE 2000.02 29.1 ± 1.5/< 1.0 31.3 ± 1.8/< 1.9 26.7 ± 2.0< 3.9 . . .
NE 2006.07 . . . 43.1 ± 2.2/< 1.9 29.4 ± 2.2/< 3.4 20.1+3.2

Š1.9/< 13.7
NE 2006.32 . . . 68.6 ± 3.5/< 1.2 74.8 ± 5.3/< 0.7 21.3+3.3

Š1.8/< 10.1
NE 2006.67 57.0 ± 3.9/. . . . . . . . . . . .
SW 1996.93 114± 11 51± 3 . . . . . .
SW 1998.71 . . . 60± 3 . . . . . .
SW 2000.02 126.2 ± 6.3/< 0.24 71.2 ± 3.7< 0.28 36.5 ± 2.7< 2.9 . . .
SW 2006.07 . . . 69.5 ± 3.5/< 1.2 43.1 ± 3.1/< 1.3 9.8+1.8

Š1.3/< 28.1
SW 2006.32 . . . 66.8 ± 3.4/< 1.3 40.0 ± 2.9/< 9 8.6+1.4

Š0.9/< 25.1
SW 2006.67 127.5 ± 6.3 /... . . . . . . . . .

Notes.a The polarization is a 3� upper limit.

Table 2
Component Separation

Date 8.4 GHza � 1
b � 2

c 15 GHza � 1
b � 2

c 22 GHza � 1
b � 2

c 43 GHza � 1
b � 2

c

1996.93 . . . . . . . . . 1.081 0.03 0.172 . . . . . . . . . . . . . . . . . .
1998.71 . . . . . . . . . 1.162 0.004 0.174 . . . . . . . . . . . . . . . . . .
2000.02 1.038 0.004 0.126 1.173 0.003 0.139 1.219 0.005 0.128. . . . . . . . .
2006.07 . . . . . . . . . 1.009 0.006 0.172 1.093 0.005 0.132 1.222 0.013 0.142
2006.32 . . . . . . . . . 1.172 0.002 0.089 1.193 0.002 0.059 1.216 0.010 0.103
2006.67 1.124 0.016 0.267 . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes.
a Measured separation at the designated frequency in mas.
b � 1 is the error computed using the technique of Condon et al. (1998). See Equation (1).
c � 2 is the error computed using the technique of Lobanov (2005). See Equation (2).

22 GHz (Homan et al.2002). At 43 GHz, we estimate the error
on the absolute �ux density scale to� Š 8%/ +15%—the non-
symmetric error arising from the fact that some �ux density is
likely lost due to the inability to phase self-calibrate this source at
that frequency. An analysis of the amplitude corrections derived
from self-calibration of various calibrator sources indicates that
these observations were not affected by any unusual amplitude
errors that would lead to larger errors than the values quoted
above.

Based on the inverted spectrum from epoch 2000.02, we
anticipated dramatic behavior on the smallest of scales. Thus, we
proposed two epochs of high-frequency observations that were
closely spaced in time, 2006.07 and 2006.32. The observations
were phase referenced to J1302+5748 at 15, 22, and 43 GHz.
We also gathered polarization data. There is no evidence that the
�ux density recovered at any of our frequencies was strongly
dependent on the weighting used, indicating that we are dealing
with two compact components with little, if any, diffuse �ux on
the range of spatial scales probed by these observations.

The inability to phase self-calibrate at 43 GHz opens the
possibility that some �ux density may have been lost due to
phase errors. In lieu of the undetected secondary calibrator,
J1306+5529, one can use the secondary component to the SW
in Mrk 231 as a crude amplitude calibrator. Note that the �ux
density of the secondary was the same between epochs 2000.02
and 2006.32 at 22 GHz to within a few percent in Table1
indicating that it is not strongly variable. Therefore, we treat
this component as approximately steady at high frequency,
and it can potentially serve as a crude calibrator for the core
�ux density at 43 GHz. The �ux density of the secondary

(our crude high-frequency amplitude calibrator) measured at
both epochs at 43 GHz agrees to within 1.2 mJy (0.6� ). This
supports the suggestion that the phase referencing with respect
to J1302+5748 recovered the majority of the �ux at 43 GHz,
and any amplitude loss due to phase errors is likely to be similar
at the two epochs.

We note that in epoch 2006.07, bad weather and technical
problems allowed us to recover data from effectively just 5.25
of the 10 array antennas at 43 GHz, so these data have sparser
u–v coverage and an increased rms noise level. Our 43 GHz
images in Figure4 show partial resolution of the core at epoch
2006.07 with an extension at P.A.= 135� from NE to SW.
Unfortunately, we must consider this detection unreliable due
to the poor beam shape and the low signal-to-noise ratio (S/ N).
We stress that the data from all 10 antennas were recovered
at 43 GHz at epoch 2006.32. This higher quality data is used
extensively in Section5.

In Figures5 and 6, we plot the spectrum of the core and
the secondary, respectively, for all three epochs of observation
as well as the two archival data sets in Ulvestad et al. (1999a,
1999b).

The core spectra in Figure5 are highly variable in magnitude.
All the epochs reveal an optically thick core that is indicated by
�at or inverted spectra in a �nite band of frequency. Clearly,
the most powerful epoch is 2006.32, which we explore in detail
in Section5. In contrast, Figure6 shows that the secondary is
an optically thin, steep spectrum at all epochs. The data are
supportive of a secondary that is mildly variable, characterized
by changes of< 10% (< 1� ) on timescales of 0.25 years,� 15%
(< 2� ) on timescales of six years, and� 30% on timescales of
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Figure 8. Overlay of the frequency-dependent component positions on the
43 GHz image at epoch 2006.07. This �gure is similar to Figure7, except that
the components are re-registered relative to the 22 GHz secondary position.
This tells us how the map center at one frequency is related to the map centers
at the other frequencies. To get an absolute registration within the 43 GHz
radio image, we place the three coincident secondary positions at the location
of the best-�t Gaussian to the 43 GHz secondary �ux density. The A and B are
labels that show the component locations within the theoretical two component
model. Component A is synchrotron self absorbed, and component B is very
steep spectrum.

positions (i.e., offset from� 22 = (26.4/ 69.5)(�/ 2)) yields a
conservative upper bound on the offset between the true 15 GHz
position and the 22 GHz position. The resultant upper bound on
the error in the re-registered 15 GHz position is 0.11 mas and
0.018 mas in thex- andy-directions, respectively. Figure8 is the
Figure7 overlay re-registered to the 22 GHz secondary position
(i.e., all three of the secondary positions agree). The errors on
the re-registered 22 and 43 GHz core data points in Figure8
arise from Equation (1). The error on the 22 GHz core position
is too small to be seen in this �gure.

The re-registered map in Figure8 makes the component po-
sitions appear almost linear. We believe that our assignment
of errors justi�es further analysis of the frequency dependent
component separation data. Apparently, we have uncovered sub-
structure on scales smaller than the 43 GHz beamwidth. But, un-
like the optically thick case in which the core position movement
re�ects the location of the frequency-dependent� = 1 surface,
the 2006.07 core spectrum is optically thin below 22 GHz, and
we are revealing direct data on the distribution of the synchrotron
emitting gas. In particular, the spread in the 15 GHz and 22 GHz
core positions in Figure8 re�ects the fact that there are signi�-
cant amounts of 22 GHz emitting plasma to the east of the plasma
that emits the 15 GHz data. In fact, the spectrum in Figure5 and
core component positions are well represented by a two com-
ponent model. Component A is located� 40 µas to the north-
east of the 43 GHz core position, along a line connecting the
three core position components, and component B is� 40 µas
to the southwest of the 15 GHz core position along the same
axis. Component A is synchrotron self absorbed with a peak
�ux density of � 27 mJy at� 32 GHz. Component B is steep
spectrum with� � 2.4. We only introduce the model to give a
qualitative feel for the underlying substructure, not to �ne tune
the parameters. This model explains the in�ection point in the
spectral energy distribution (SED) at epoch 2006.07 inferred

THE CORE SED in the TWO COMPONENT MODEL
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Figure 9. Comparison of SEDs of the theoretical two component model of the
core at 2006.07 with the SED at 2006.32.

from Figure5 and predicts� 3 mJy at 43 GHz in component B,
similar to what we see in the southwest core extension in the ra-
dio image in Figure4. Again, we caution that this feature might
just be phase noise. Without a higher signal to noise detection,
we cannot say more. However, the spread in component posi-
tions and the SED are consistent with there being some emission
in this region.

The reason for pursuing this two component model in Figure8
is not to make precise statements about the components that
are not directly detected, but to explore the more general
implications of a core substructure at 2006.07, composed of
an optically thick component and a steep spectrum component,
that is required to �t the SED. To this end, we plot the SED
of the theoretical components A and B relative to the SEDs at
2006.07 and 2006.32 in Figure9.

The �rst deduction is that the �are at 2006.32 cannot be
created by the simple adiabatic expansion of the �aring core
component A at 2006.07. If it were simple adiabatic expansion
of a �are that is peaked at 32 GHz at 2006.07, then the optically
thin �ux at 43 GHz should be much weaker at 2006.32 (Moffet
1975), but it is actually stronger. Thus, the �are at 2006.32
requires a large injection of energetic particles and energy after
2006.07.

The second important implication is that component B is
very steep spectrum above 15 GHz. Figure9 shows that there is
some mechanism that causes the high-energy spectrum to decay
rapidly in the core of Mrk 231. All the components are extremely
steep in the optically thin region, thus there is a very ef�cient
cooling mechanism that preferentially cools the particles with
the highest energy �rst. The most common mechanisms in
AGNs that �t this prescription are inverse Compton cooling
from a strong radiation �eld or synchrotron emission from a
strong magnetic �eld. The cooling is so ef�cient that by the
time that an ejection from the nucleus is far enough away so
that it could be resolved by 43 GHz VLBA, it is generally too
weak to be detected. Even with all 10 antennas working at peak
ef�ciency, two good calibrators at 43 GHz and good weather,
partial resolution of the ejecta might be the best one can do when
studying �are evolution in the nucleus of Mrk 231.

The next section is the main topic of this study. We explore
the formation of the powerful �are at 2006.32. Furthermore, we
try to get an understanding of the rapid cooling mechanism that
causes drastic temporal changes in the emissivity of the ejected
�ares.
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where the observed Lobs is the projection of L in the sky plane,
and � is the angle to the line of sight to the radio jet axis
(symmetry axis of the BAL outflow). In Punsly (1999b), it was
calculated that � = 15 � was typical for a LoBAL or from
Table 2, L = 3.75 pc and from Equations (22) and (25),

Ne(r = L ) � 4.9 × 103 cmŠ3
( T

104 K

)0.75
. If we assume that

the absorbing column is almost completely ionized (Ne � N )
in the BAL region, as deduced in Hamann (1998), then we can
estimate the total hydrogen column,

NH =
∫ 	

L
N (r )dr � 5.6 × 1022

(
T

104 K

)0.75

cmŠ2 . (27)

The total hydrogen column is sufficient to make the BAL
absorption lines optically thick to resonant absorption (Murray
et al. 1995; Hamann 1998). Superficially, one would think that
the value of NH in Equation (27) is incompatible with the BAL
gas in Mrk 231. This is actually not the case as discussed at
length in Hamann (1998) and Hamann et al. (2003). It was
found that many BALQSOs show absorption in P v �� 1118,
1128 with an optical depth � 0.2. For such a rare species
this is impossible, unless the C iv �� 1548, 1550 troughs are
severely saturated. After studying many high resolution spectra
of BALQSOs, Hamann et al. (2003) concluded that over half
of the BALQSOs with deep far UV spectra showed significant
P v �� 1118, 1128 absorption. The implication was that these
BALQSOs must have C iv �� 1548, 1550 troughs that are
completely saturated with the bottoms of the troughs filled in
by scattered light and unattenuated (or mildly attenuated) lines
of sight that are a consequence of partial covering of the central
AGN by the predominant thick absorber. After numerically
modeling the absorption region, Hamann (1998) found that
the C iv �� 1548, 1550 troughs are saturated as a consequence
of absorption presented by a column that contained almost
completely ionized hydrogen, 1022 cmŠ2 < N H < 1024 cmŠ2.
The upper limit is set by the fact that the gas must be optically
thin to Compton scattering. It was concluded that these large
column densities are likely common in BAL regions. Based
on the analysis of Hamann (1998) and Hamann et al. (2003),
the values of NH determined by Equation (27) are typical of
many BALQSO absorbing columns. Furthermore, we remind
the reader that there is very little neutral hydrogen absorption
toward the nuclear secondary as noted in Lonsdale et al. (2003).
Yet by Equations (22) and (27), there are large values of EM
and NH , which implies that the intervening hydrogen column
density must be almost completely ionized as expected from the
ionization models of dense BAL winds in Hamann (1998). In
particular, the photoionization models of Hamann (1998) yield
a range of allowed ionization states: for a total hydrogen column
density of NH = 6 × 1022 cmŠ2, the neutral hydrogen column
density is quite small, 5 × 1016 cmŠ2 < N HI < 5 × 1017 cmŠ2.

From our analysis above, we have enough parameters to
estimate the kinetic energy flux of the the BAL wind, Q(BAL)
in terms of the parameters of the enveloping gas surrounding
the leading edge of the secondary. First, assume that the BAL
wind has a bulk velocity in the range of velocity spread given
by the Mg ii BAL absorbing gas and Na i D absorbing gas
relative to the quasar rest frame, 0.0151c < v BAL < 0.0173c.
From the numerical models in Punsly (1999b), a polar LoBAL
wind will have an opening angle of � 20� –30� . Combining this
opening angle and the BAL wind velocity with the 3.75 pc
displacement from the nucleus and Ne � 4.9 × 103cmŠ3 yields
2 × 1043 erg sŠ1 < Q (BAL) < 6 × 1043 erg sŠ1. It is curious

that this is similar to the kinetic energy flux of the relativistic
flare that was discussed in Section 5. One can compare this
parametric analysis with the theoretical polar BAL models
in Table 1 of Punsly (1999b). First of all, for the numerical
models, the kinetic energy flux in the BAL wind solutions is
7.2 × 1042 erg sŠ1 < Q theoretical(BAL) < 2.3 × 1044 erg sŠ1,
in agreement with what we deduced for Mrk 231. However,
the mass density in the BAL wind of Mrk 231 is estimated to
be a factor of 10–50 times larger than that which is predicted
by mass conservation in the numerical models. A possible
explanation of the additional gas density is that the polar BAL
entrains gas as it propagates through the surrounding medium.
This seems reasonable on two counts. First of all, there is
the dusty, enveloping gas that partially obscures the nuclear
region and reddens the spectrum. This gas distribution could
be a consequence of the merger that is in progress with a
nearby smaller galaxy to the south (Armus et al. 1994). So,
there is a potential for significant gas entrainment. Second, the
BAL absorption is deep, but not particularly blue-shifted for
a BALQSO, only about 5000 km sŠ1: this is consistent with a
resistive drag resulting from mass loading of the wind.

7. DISCUSSION

In this paper, we used high frequency VLBA observations
to determine that the central engine of the nearby BALQSO
Mrk 231, ejects relativistic plasma along a trajectory close to
the line of sight. Furthermore, it appears that this jet is interacting
strongly with the dense BAL gas at a de-projected distance �
3–4 pc from the radio core.

The most striking finding was the strong 22 GHz flare that
emerged from the core between epochs 2006.07 and 2006.32.
The core spectrum, during the flare, is characterized by extreme
gradients, namely it transitions from being very steep spectrum,
� � 2 above 22 GHz to being inverted � < 0 at � 15 GHz. The
magnitude of the flare combined with the three month interval
between observations sets a lower bound on the time variability
brightness temperature of Tb > 2 × 1010 K, below the inverse
Compton limit, � 1012 K. However, all attempts in Section 5
to model the high frequency peak of the spectral turnover,
19.5 GHz, in combination with the steep spectral index above
22 GHz (� � 2) indicate that the flare is synchrotron self-
absorbed and Tb � 1012 K, unless the flux density is Doppler
boosted. Our Doppler boosted models indicate a kinetic energy
flux, Q � 3 × 1043 erg sŠ1 and an intrinsic (rest frame of the
plasma) brightness temperature � 1011 K.

Our discovery of a relativistic jet in a radio quiet quasar
does not stand alone. There are the aforementioned BALQSOs
in Ghosh & Punsly (2007) and Zhou et al. (2006), as well as
PG 1407+263 in Blundell et al. (2003) and III Zw 2 in Brunthaler
et al. (2000). By definition, most radio quiet quasars are weak
radio sources, so there are not many observations with VLBI.
Consequently, we cannot say if the relativistic jets that have
been detected are more the exception or the rule.

The compact nature of the jet emission in Mrk 231 and
the strong interaction with the surrounding medium has many
strong similarities to GHz peaked (GPS) radio sources (O’Dea
1998). In the interval between 2006.07 and 2006.32, Mrk 231
seemed to transform from a weak version of a GPS source (as
it was in 1996.93) to a weak version of a rare class of radio
sources known as high-frequency peakers, but on a scale 1000
times smaller (Orienti & Dallacasa 2008). It is weakly polarized
like GPS sources, but unlike GPS sources, Mrk 231 is highly
variable (O’Dea 1998). We were unable to reliably detect any
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morphological changes associated with this change in character.
It would be interesting to see if long term VLBA monitoring
at 43 GHz and 22 GHz would reveal ejecta emanating from
the core� a month after a �are. Another interesting aspect of
high-frequency VLBA monitoring would be to understand the
�are growth and decay time scales. The information gleaned
from this data would further constrain the physical model of
Section 5. This monitoring would undoubtedly reveal large
time variability brightness temperatures and might con�rm the
presence of synchrotron cooling, i.e., is there a short lived
43 GHz precursor to a 22 GHz �are. If the basic SSA model
of the �are that was presented in Section5 is con�rmed by
these observations, a natural question arises: what is the origin
of the strong magnetic �eld,� a few G, on scales approaching
1017 cm? If the �eld propagates from the base of the jet, does it
tell us something about the turbulent plasma inside the accretion
disk?

Another important �nding was that the core was unpolarized
even during a �are. This implies that either the magnetic �eld is
not ordered or there is a huge amount of weakly magnetized gas
around the central engine, which depolarizes the synchrotron
emission by Faraday rotation. The arguments in Section5
regardingTb seemed to favor magnetically dominated models. It
is hard to understand how a strong �eld would not be ordered in
a magnetically dominated plasma. This would seem to indicate a
dense magnetized envelope surrounding the radio core. Perhaps
this is the source of the seed �eld that is ultimately responsible
for the strong magnetic �eld in the core �ares.

It is intriguing that in spite of the highly relativistically
beamed Doppler core, the steep spectrum secondary (� > 1)
is mildly variable and has very little apparent motion. This
peculiar situation was studied in Section6. A standard estimate
of the long term time averaged kinetic energy �ux of the
secondary revealsQ � 1042erg sŠ1, which is consistent with
the core having episodic �ares ofQ � 1043erg sŠ1, if the
two components are part of the same jetted beam of plasma.
Thus, we established consistency between the analysis of the
core in Section5 and the kinetic energy �ux of the secondary
that was estimated in Section6. We also noted that matched
(to 5 GHz) resolution VLBA observations indicate that the
secondary is seen through a shroud of free–free absorbing gas
with an emission measure of� 108 cmŠ6. We argue that the steep
spectrum secondary seems to be a radio lobe associated with the
jet advancing into a dense medium (the jet is con�ned by ram
pressure) that is also the source of the free-free absorption. The
properties of the dense gas are consistent with a temperature,
10,000 K–20,000 K, a displacement from the nucleus, 3–4 pc,
and a total hydrogen column density,NH = 1022–1023cmŠ2.
These gas parameters are often associated with the BAL wind
(Hamann et al.2003). The implied kinetic luminosity of this
BAL wind is within the narrow range of values that are predicted
by the polar BAL wind theory in Punsly (1999b). The density is
at least an order of magnitude larger than what is expected from
such a wind, indicating that there is substantial gas entrainment
as the BAL wind propagates outward from the nucleus.

The jet in Mrk 231 might offer a unique opportunity to study
the central dynamics of a radio quiet quasar. Not only is the
quasar near Earth, but the jet is the brightest at high frequency
of any radio quiet quasar jet. Thus, no other radio quiet quasar
central engine can be explored with such high resolution (VLBI).
Furthermore, now we know the orientation of the jet. The high
resolution of 43 GHz VLBA allows us to peer into the inner
regions of this quasar, using the relativistic jet as a probe of

the X-ray emitting gas, the X-ray absorbing gas, and the BAL
wind. In summary, there are many potential discoveries that
can be made with future VLBA monitoring coordinated with
observations at other frequency bands. Our observations lead us
to ask the the following questions.

1. Is there more evidence of superluminal motion, like appar-
ent velocities of radio emission larger than the speed of
light that can be detected?

2. What is the maximum kinetic energy �ux of the high
frequency �ares?

3. Are these types of �ares present in other radio quiet quasars,
but with varying magnitude?

4. Why are the �ares so powerful, yet cool off so fast that
Mrk 231 never becomes a strong FR I radio source? More
speci�cally, why do all the components in the the core and
secondary seem to show such steep high frequency spectra?
What is the powerful cooling mechanism?

5. Is this cooling mechanism found in all radio quiet quasars,
and why does it not occur in radio loud quasars?

6. Is the gas that entrains the secondary one the same as the
BAL gas?

7. How fast do strong �ares grow, and what are the details of
their rapid decay?

8. Do the detected (but absorbed) X-rays come primarily from
the same plasma that is responsible for the 22 GHz �ares
(i.e., the accretion disk X-rays are completely attenuated)?
Do we see correlated �ares in the X-ray and microwave
bands?

9. Since the microwave �are emission is from such small
scales, it is nearly coincident with the scales of X-ray
emission and absorption. Thus, can we expect a strong
interplay between microwave �ares and the X-ray spectral
properties of Mrk 231?

10. If the X-rays in Mrk 231 are predominantly inverse Comp-
ton emission from the microwave jet, does the dense X-ray
absorption column constrain the physical parameters of the
enveloping medium that gets entrained by the propagating
jet and thwarts it propagation to large scales?

11. Does a strong microwave �are blast holes in the
X-ray absorbing column allowing us to get a brief mildly
attenuated glimpse of the X-ray emission from the accretion
disk corona?

12. Do �ares in the microwave correspond to a decrease in
the X-ray emission of the accretion disk corona as has
been hypothesized as a universal phenomenon in black hole
accretion systems (the “low–hard” state; Maccarone et al.
2003; Marscher et al.2002)?

Based on these considerations that were raised by our observa-
tions, it seems clear that a coordinated observing program of
VLBA and X-ray observations would shed light on many of
these issues, in particular points 8–12. Generally speaking, co-
incident X-ray and VLBA monitoring is potentially a powerful
method of studying any “disk–jet connection.”

B.P. would like to thank ICRANet for �nancial support for
this research.
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