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ABSTRACT
The �rst knot in the jet of the giant elliptical galaxy M87, known as HS T-1, has been the subject

of intense study over the last decade, as a result of a massive arethat peaked in 2005. During that
are, its ux increased more than a hundredfold in the UV and X-ray s, with large increases seen in
every band. The goal of this paper is to study the variability of the polarization in both the nucleus
and HST-1. The results that were obtained from the HST-1 data, show a strong correlation between
the variability in ux and fractional polarization during the time range associated with the are.
However, the core shows no such correlation, thus leading one to speculate that such changes in the
core are due to some other mechanism. Also, the results show largeuctuations in the Magnetic Field
Position Angle (MFPA) of the core, with very little change in the MFPA o f HST-1. We also combined
all polarimetry data to make new vector maps that provide new, higher resolution information on the
polarization of the entire jet than in previous papers.
Subject headings:galaxies: individual (M87) - galaxies: active - galaxies: jets; nuclei

1. INTRODUCTION

M87 is a giant elliptical galaxy that has a relativistic
jet emanating from its core. Since M87 is very large and
the closest example of an Active Galactic Nucleus (AGN)
(16 Mpc), it is a prime candidate to study in order to
learn more of the physics behind AGN. The jet has been
observed at high resolution (angular scale of 1 arcsec =
78 pc), providing astronomers with an excellent example
of the structure and dynamics of the jet and the knots
that comprise it. As a result, many studies have been
conducted on M87 and its jet in radio, optical, and X-
ray wavelengths (Cheung et al. 2007; Perlman et al. 2003;
Harris et al. 2003, 2006, 2009; Tsvetanov et al 1998).

The most active knot in the M87 jet, HST 1, is lo-
cated � 0".8 (� 60 pc) away from the core. Much like
the nucleus, it too is visible in the radio, optical, and
X-ray wavelengths. In late 2001, the �rst evidence of a
bright are was observed in this component (Harris et
al. 2003, Perlman et al. 2003). This are continued
to brighten through the next few years and subsequent
studies showed that for about two years, its brightness
actually surpassed that of the core of M87 (Harris et al.
2006).

In this paper, we will explore the implications of the
aring event on various aspects of polarization and see if
the ux variability and fractional polarization variability
are correlated. Section 2 provides a detailed explanation
of the data gathering process. Then, in Section 3, we
will discuss the techniques used in reducing the data and
how we found the polarization data. In section 4, we will
discuss the polarization and spectral index esults for the
nucleus, as well as those for HST-1. After the results are
presented, the physical implications of the results will be
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discussed in section 5, and in section 6 we will present
our conclusions.

2. HST OBSERVATIONS

All of the data used for polarimetry was retrieved from
the Hubble Space Telescope data archives. In total,
there were 18 epochs ranging from December of 2002 to
November of 2007. The High-Resolution Channel (HRC)
of the Advanced Camera for Surveys (ACS) was used to
obtain the data for the �rst 17 epochs. For the �nal
epoch, the Wide Field Planetary Camera 2 (WFPC2)
was used. The reason for the change in cameras is due
to the fact that ACS went o�ine after an electrical short
rendered it useless in 2007.

The ACS HRC detector, which is currently not op-
erational, was the primary source for the polarimetry
data. To obtain the polarization data, three �lters,
POL0V, POL60V, and POL120V, were used along with
the F606W wide band �lter. The plate scale of the
ACS HRC detector is 0.028� 0.025 arcsec/pixel, while
the di�raction limit is � 0".06 at this wavelength.

WFPC2 was used for the �nal epoch in November of
2007. WFPC2 is comprised of 4 chips (PC1, WF2, WF3,
and WF4) that are arranged in a chevron. To �nd the
polarization with WFPC2, the POLQ quad �lter was
used along with the F606W wide band �lter. The POLQ
�lter itself has four polarizers, that are at angles of 0,
45, 90, and 135 degrees. With the switch form ACS
to WFPC2, the resolution of the images is reduced, as
WFPC2 has a plate scale of 0.09965 arcsec/pixel. The
resolution is thus more than 3� worse that of the ACS
data (� 0".2). Further comparisons of the ACS and the
WFPC2 can be found in Biretta (1996). A breakdown
of all of this information can be found in Table 1.
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TABLE 1
HST Observations

Date Instrument Band Polarizer

Dec 7 2002 ACS F606W POL0V, POL60V, POL120V
Dec 12 2002 ACS F606W POL0V, POL60V, POL120V
Nov 29 2003 ACS F606W POL0V, POL60V, POL120V
Nov 28 2004 ACS F606W POL0V, POL60V, POL120V
Dec 26 2004 ACS F606W POL0V, POL60V, POL120V
Feb 09 2005 ACS F606W POL0V, POL60V, POL120V
Mar 27 2005 ACS F606W POL0V, POL60V, POL120V
May 9 2005 ACS F606W POL0V, POL60V, POL120V
Jun 22 2005 ACS F606W POL0V, POL60V, POL120V
Aug 1 2005 ACS F606W POL0V, POL60V, POL120V
Nov 29 2005 ACS F606W POL0V, POL60V, POL120V
Dec 26 2005 ACS F606W POL0V, POL60V, POL120V
Feb 8 2006 ACS F606W POL0V, POL60V, POL120V
Mar 30 2006 ACS F606W POL0V, POL60V, POL120V
May 23 2006 ACS F606W POL0V, POL60V, POL120V
Nov 28 2006 ACS F606W POL0V, POL60V, POL120V
Dec 30 2006 ACS F606W POL0V, POL60V, POL120V
Nov 25 2007 WFPC2 F606W POLQ

3. DATA REDUCTION

3.1. Polarization Images

The raw data were obtained from the HST data archive
and then recalibrated with the updated at �eld �les and
image distortion correction tables for ACS and WFPC2
data. The updated reference �les used for recalibration
were obtained from from the STScI Calibration Database
System. Standard HST calibration techniques were used
to recalibrate the data. These methods are described in
detail in the instrument handbooks for both ACS and
WFPC2 (Mobasher et al. 2002; Pavlovsky et al. 2004).

After the data was retrieved, a python script called
Multidrizzle was used to combine the images. In order
to combine the images, they each had to be shifted in
order for proper alignment. The core was centered by
looking at all images used, from each epoch, and using
the IRAF command IMEXAMINE to �nd the location
of the nucleus. The coordinates found were used in the
IRAF commands GEOMAP and GEOTRAN to shift the
images and correct for geometric distortions. The Mul-
tidrizzle script is used to �nd and remove cosmic rays
from the images. The �nal result is a cosmic ray rejected
and geometrically corrected image for each polarizer at
each epoch (Fruchter and Sosey 2009). After the �nal
drizzled images were produced, they were shifted so that
the core was centered in each DS9 image. These images
were then rotated so that the jet was oriented in the same
direction in each image. The orientation is set so that
the y-axis corresponds to north.

Next, the drizzled images from each polarizer were used
to create images for Stokes I, Q, and U, along with their
errors. In order to compute these images, we used equa-
tions, found in the ACS data handbook (Bo� et al. 2007)
that are dependent on the count rate, detector, �lter, and
polarizer. In the next step, polarization initialization, we
compute the Stokes parameter images and their errors,
which were incorrect after this initial run due to unac-
counted for RMS noise in the detector. In addition to
�nding the Stokes images, Polarization initialization will
also blur the images from each chip using a Gaussian to
obtain the same resolution in each drizzled image. After
the images were produced, they were used to �nd the
fractional polarization

P =
(Q2 + U2)

1
2

I
(1)

and the Magnetic Field Position Angle (MFPA)

MF P A =
1
2

arctan(
U
Q

) + 90 � : (2)

As for the WFPC2 data, the Stokes images were com-
puted by using the WFPC2 Polarization Calibrator tool
(Biretta, J. A. 1997) 2. This tool produces the coe�cients
needed to compute the Stokes images by using Mueller
matrices that describe the pick-o� mirror, the polarizer
�lter, and the various rotations between the optical ele-
ments and the reference frames. This tool is accurate to
� 1-2% (Biretta and McMaster 1997).

After the Stokes images are found, Charge Transfer
E�ciency (CTE) background was found around the core
so it could be used later to take into account the inef-
�ciency of the detector. Ideally, the e�ciency would be
100%, but in practice, this is never the case. To correct
for the ine�ciency, instrumental data found in the ACS
Instrument Handbook (Bo� et al. 2007) was used.

To perform the aperture polarimetry that will give the
�nal polarization results, the background galaxy in the
images must be subtracted so that only the nucleus and
the jet are the main sources of light. All sources of light
that are not associated with the background galaxy had
to be masked in DS9. This turned out to be a very ardu-
ous task. After all sources were masked, the ELLIPSE
and BMODEL commands were used to compute the �nal
model. The ELLIPSE command �ts concentric ellipses
around the core using a statistical iteration method. Af-
ter all globular clusters, bad pixels, and the jet are all
masked ELLIPSE was used to create the model. Then,
BMODEL was used to actually create the �nal model
image. The �nal model that was produced resembled an
idealized galaxy with no extraneous objects (i.e. jets,
globular clusters in the halo, etc.). Only a few imperfec-
tions were visible in the image: one ring around the core
of the galaxy and another ring further out. While not
a large e�ect on the �nal results, the ring is noticeable

2 www.stsci.edu/hst/wfpc2/software/wfpc2 pol calib.html
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in the vector maps of the MFPA. After the model image
was computed, it was split into 3 models to correspond
to each polarizer, and subtracted, using the IRAF com-
mand IMCALC, from the corresponding drizzled image
for each polarizer (POL0, POL60, and POL120).

After the subtraction, Polarization Initialization was
re-ran on the model subtracted images, while also �nding
the Root Mean Square (RMS) noise in the clear regions
away from the core. This found the �nal STokes I, Q,
and U images and fractional polarization and position
angle images along with their correct errors.

3.2. Aperture Polarimetry

Aperture photometry and polarimetry was performed
on each epoch's images, with errors propagated from the
Poisson noise in the image, zeropoint and galaxy sub-
traction. The ux results derived are shown in Figures 1
and 2; a table will be presented in a later paper (Perlman
et al. 2011). There were three apertures used while per-
forming aperture polarimetry; two concentric apertures
centered on the core (one with a radius of 11 pixels, the
other with a radius of �ve pixels) and one centered on
HST 1 with a radius of 11 pixels. The aperture correc-
tions are typically 10-20% in ux that take into account
the wide wings of the point spread functions (PSF) that
HST gives. The nucleus and HST 1 could be modeled by
PSF due to their point-like nature. The PSF were mod-
eled using the TINYTIM program. TINYTIM generates
HST PSF based on the response of the HRC and WFPC2
detectors (Bo� et al. 2007; Bohlin 2007). While there
were three apertures used for the aperture polarimetry,
only the results from two were used. The smaller aper-
ture around the core was used due to a new knot that
appears to be emanating from the jet. The larger aper-
ture surrounds this knot, whereas the smaller aperture
does not. Therefore, the results for the larger aperture
are not presented in this paper, however, they show ba-
sically the same information as the smaller aperture.

4. RESULTS

4.1. Flux Variability

Core ux was measured in order to �nd the variability
period M87's nucleus. Looking at the results from Figure
1, there is a de�nite month-to-month variation in the
variation in ux in the core of M87. Figure 1 shows that
there are two peaks, one in late 2004 or early 2005 and the
other in late 2006. Over the course of the observations,
the core shows a more than 300% increase in ux.

Flux measurements of HST-1 (Figure 2) show a de�-
nite peak in 2005, along with a second, less intense peak
in late 2006/early 2007. When compared to Harris et al.
(2009) (the F220W data), the light curves appear to fol-
low the same pattern. For HST-1, ux undergoes� 500%
increase over the course of these observations.

4.2. Optical Polarization Variability

In Figures 3-4 we plot polarization variability data for
the nucleus and HST-1. We �nd that the characteristics
of these two components di�er greatly. Looking at the
MFPA for the nucleus over the observation period, one
sees a fairly large uctuation. Over the course of the
observations, the MFPA of HST 1 is rather constant.
Looking at the graph, most of the data (17 of 18 points)

Fig. 1.| A graph of the total ux from the nucleus of M87. Zero
point errors are on the order of 2%.

Fig. 2.| A graph displaying the total ux of knot HST-1 versus
the date. Similarly to Figure 1, zero point errors are on the o rder
of 2%.

lies within 2� of the mean, which is consistent with no
variation, as purely by chance one would expect 95% of
the data should lie within two standard deviations.

As for the fractional polarization of both the nucleus
and HST 1, the results we found, when compared to ear-
lier results (Perlman et al. 1999), repeat those previous
results. The core shows little fractional polarization. It
ranges from � 1% to a maximum of � 12%. Unlike the
fractional polarization of the core, HST 1 shows a large
fractional polarization, along with some drastic varia-
tions. The theoretical maximum of fractional polariza-
tion for relativistic material is around 70%. At the be-
ginning of the observation period, as well as during the
peak of aring event, the fractional polarization reached
maxima of 40-45%, with minimums dropping to � 20%.
This high polarization would suggest a highly ordered
magnetic �eld around HST 1.

The polarization variability of these components can
also be visualized using the Stokes parameters (Figure
5). Stokes Q gives the amount of linear polarization of
the light coming from the object. A positive amount for
Stokes Q represents a linear polarization along the x-axis
as viewed by the detector, whereas a negative Stokes Q
corresponds to a linear polarization in the y-axis. Sim-
ilarly to Stokes I, Stokes Q was converted to ux units.
The same ration used in the Stokes I conversion was used
for the Stokes Q conversion. Both the core and HST 1
show some uctuations in Stokes Q, which would explain
the uctuations in the fractional polarization, discussed
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Fig. 3.| Plotted here are the graphs of MFPA versus observation
date for both the nucleus (top) and HST 1 (bottom). MFPA is
measured in degrees.)

Fig. 4.| Here are the graphs of fractional polarization versus
observation date. Again, the graph for core is on top and HST 1
on the bottom.

earlier. However, when comparing the magnitudes of

Stokes Q for the core and HST 1, one sees that HST
1 has a drastically larger Stokes Q. This would explain
the larger fractional polarization observed in HST 1.

Similar to Stokes Q, Stokes U is also a measurement
of linear polarization, however, a positive Stokes U cor-
responds to a linear polarization along an axis that is
rotated 45� counterclockwise with respect to the x-axis
used to measure Stokes Q, whereas a negative U describes
a linear polarization along an axis that is rotated 45�

counterclockwise with respect to the y-axis used to mea-
sure Stokes Q. The same method to convert Stokes Q to
ux units was used to convert Stokes U. When compar-
ing the graphs of the core and HST 1 Stokes U measure-
ments, one can see a similar picture as with Stokes Q.
While the local maxima do not correspond in the graphs,
one can tell that when used to �nd the MFPA and frac-
tional polarization, there will be uctuations. Also, the
magnitude of the Stokes U measurements for HST 1 are
much larger than those of the core, which would corre-
spond to a larger fractional polarization.

Fig. 5.| Stokes Q and U measurements of the core (top) and
HST 1 (bottom). In both graphs, Stokes Q is plotted with the so lid
line, and Stokes U is plotted with the dashed line.

4.3. Flux and Fractional Polarization Comparisons

One of the main points of this paper was to see if there
was any correlation between the fractional polarization
variability and the ux variability. We have therefore
plotted the ux against the level of polarization for both
components in Figure 6. When one looks at the data
from the core, there is no real structure. Therefore, it
is safe to assume that there is no correlation between
fractional polarization and ux for the nucleus. How-
ever, HST-1 tells a di�erent story. From Bourque et al.
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(2010), it was shown, though without complete certainty,
that there appeared to be some correlation in fractional
polarization and ux for HST-1. Now that all the data
from the aring event has been processed and reduced,
one can make a con�dent assumption that the increase
in ux and fractional polarization in HST-1 are caused
by similar mechanisms. When one looks at the data for
the time range of the are (2003-2006), the graph for
HST-1 shows a clear linear relationship between ux and
fractional polarization.

Fig. 6.| Graphs of fractional polarization versus ux for the
core (top) and HST-1 (bottom). The colored date labels on the
core graph correspond to di�erent events during the core var iabil-
ity. Black is the initial increase in ux from the beginning o f the
observations to the �rst peak in ux. Blue is for the observat ions
after the �rst peak to the next minimum. The three green label s
are for the minor increase in ux after the minimum to the next
minimum. The red represents the �nal six points that cover th e
�nal increase in ux to the �nal minimum. Error bars are prese nt
for both fractional polarization and ux, but the ux errors are
small in comparison to the scale on the ux axis. Also shown in
the plot is a linear best �t line for the time of the are. The �r st
three epochs and the �nal epoch were not used in �nding the lin ear
regression since, at those times, there was no aring in HST- 1.

4.4. Magnetic Field Position Vector Maps

In this section, we present polarization maps of vari-
ous knots in the jet of M87. Similar maps were presented
in Perlman et al. (1999). Those maps were created from
WFPC2 data taken in the mid 1990s with an angular res-
olution of 0".2. With the ACS data, however, an angular
resolution of 0".06 can be seen, providing a much more
detailed vector map for these knots. The contours in
these maps represent di�erent levels of ux, decreasing
as one goes from the center to the outside of the con-
tours. The direction of the vectors corresponds to the

implied magnetic �eld direction, while their magnitude
corresponds to the fractional polarization. The maps are
given in Figures 7-10.

Looking at the map that contains the core (Figure 7),
it is easy to see that the core is not very polarized when
compared to knots like HST 1 and D. The low polariza-
tion is clearly represented in the newer maps, whereas
the 1999 maps show some polarization around the edge
of the core. The lower resolution makes it di�cult to see
the low polarization that is characteristic of the nucleus.
Also, the MFPA vectors that correspond to HST 1 are
shown to be perpendicular to the general ow of the jet.
Comparing this to the map from Perlman et al. (1999),
the orthogonality of the MFPA vectors is clearly more
de�ned at HST 1.

Fig. 7.| Magnetic Field vector map of the region from the core
to knot D (the center of the core is the origin of the graph, HST
1 is the next object, and knot D is the object to the upper right
of the image, with east being left and west being right from th is
perspective). The ring that surrounds 2

3 of the core is an aberration
from galaxy subtraction.

Moving on to knot D, one can see that there appear
to be two distinct ux maxima, one at knot D East, the
other at knot D west. Throughout the knot, the vectors
tend to follow more or less the same direction as the jet.
However, around the maxima, the vectors tend to change
and become perpendicular to the jet. In the Perlman et
al. (1999) map, one can see a swirl in the region of knot
D West. This would indicate the presence of the second
maximum in knot D, yet it is not distinctly visible. The
new map clearly shows this second maximum, as well as
how the vectors swirl around it.

Knots E and F (Figure 8) show similar patterns as
HST 1 and knot D. As one can tell, knot E is not very
bright, thus it has very little detail in the map. However,
knot F also shows the same pattern for the MFPA vec-
tors around the ux maximum, with little polarization
at the ux maximum. In comparison to the 1999 maps,
the map oh knot F shows more de�nition in the structure
of the knot. Multiple areas with swirling MFPA vectors
are present, along with multiple areas of low polariza-
tion near maxima. The added detail also breaks down
knot E into various maxima, whereas the earlier maps
only show one distinct maximum. Moving further out to
knot B, the swirling pattern along the edge of the jet is
more distinct, along with the lower polarization near the
maximum in knot B.

Knots I, A, and B (Figure 9) provide possibly the most
detailed look at the dynamics of the MFPA. Here, one
can see how the MFPA vectors tend to become perpen-
dicular around the maxima of the knots, forming eddy-
like swirls around some of the ux maxima. The com-
parison of the maps for these regions show possibly the
greatest example of the enhanced detail. In the new im-
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Fig. 8.| MFPA vector map of knots E and F.

Fig. 9.| MFPA vector map of knots I, A, and B.

Fig. 10.| MFPA vector map of knots C and G. The aberration
at the right side of the map, which happens to cut some of knot
G o�, is due to the model subtraction only extending so far. He re
you are seeing the boundary of the model subtraction.

age, there is a sheet-like structure within knot A, with
multiple areas with a MFPA vector perpendicular to the
ow of the jet.

Knot C (Figure 10) is another example of the sheet-
like structure found in knot A. There are multiple ar-
eas in knot C where the MFPA vectors are orthogonal
to the ow of the jet, with multiple areas of low polar-
ization mixed throughout the maximum. This detail is
absent from the graphs from 1999. While the center has
a clear orthogonality and an area with low polarization,
the sheet-like structure and the multiple low polarization
areas are absent due to the lower resolution.

5. DISCUSSION

Due to the infancy of the study of polarization variabil-
ity, this paper is one of the few that discuss the topic in
the optical waveband. The initial paper that covered op-
tical polarization variability, Bourque et al. (2010), pro-
vided the astronomical community with the �rst taste of
the incite that this topic can provide. Since M87 is so
close, it serves as a convenient target for future observa-
tions on the morphology of AGN and their jets.

The results derived from the HST ACS data provide
evidence for the correlation between ux and fractional

polarization variability in the knot structures in M87. As
found in the graph of fractional polarization versus ux,
the correlation between the two is a linear one, at least
for the time period corresponding to the aring event
around 2005. Whether or not this correlation holds for
all knots, jets, or AGN is a di�erent story. Further the-
oretical and observational data are needed to jump to
such conclusions.

The changing of the con�guration of the magnetic �eld
that corresponds to the jet can be attributed to the vari-
ations in polarization and MFPA. As radiation travels
through the jet, it will become polarized based on the
orientation of the magnetic �eld of the jet. However, this
being said, the reason for these changes in the magnetic
�eld are yet unknown. They could possibly be due to
the addition of particles to the jet from or the changing
dynamics of the jet.

In the end, further observations of M87 and other AGN
will help lead to a better understanding for the physics
behind the many odd characteristics that de�ne AGN.
These results will no doubt help to continue to further re-
�ne the model that has been proposed to describe AGN.

6. CONCLUSIONS

Analysis of the HST data presented show variations in
both HST 1 and the nucleus of M87. These variations, of
both polarization and ux, coupled with the vector maps
of the Magnetic Field Position Angle for various knots in
the jet will no doubt help unravel some of the mysteries
surrounding the physics behind AGN and their relativis-
tic jets. The angular resolution that was provided by the
HST ACS has allowed a more detailed exploration of the
various components of M87's jet.

However, with the multitude of data this data has pro-
vided, more can still be done. Due to time constraints,
only the optical data was processed for this time period.
There is still data left to reduce from 3 other bands;
F220W, F475W, and F814W. With this data, one could
see how the variations in ux and polarization vary from
wavelength to wavelength. As for re�ning the results in
this paper, a few things could be changed. While the
model that was computed was more than great, it could
be tuned a little more �nely. As can be seen from the
vector map that included the core, the model was not
perfect. However, since the program has a �nite time pe-
riod and some work needed to be done, it had to su�ce.
Also, for a more complete picture of the jet, polariza-
tion could be performed on all the knots, similar to the
way that Bourque et al. (2010) did, only with a higher
resolution and more data.

More theoretical work is necessary to help in describing
the nature and morphology of the M87 jet. Flux and
fractional polarization correlation found in HST 1 could
potentially lead to a model of how most relativistic jets
behave. This, coupled with more observations, will only
help to deepen the understanding of AGN, answering one
of the many riddles in astronomy.
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