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ABSTRACT

Context. Infrared observations of the Galactic center (GC) provide a unique opportunity to study stellar and bow-shock polarization
eﬀects in a dusty environment.
Aims. The goals of this work are to present new Ks- and Lp-band polarimetry on an unprecedented number of sources in the central
parsec of the GC, thereby expanding our previous results in the H- and Ks-bands.
Methods. We use AO-assisted Ks- and Lp-band observations, obtained at the ESO VLT. High precision photometry and the new
polarimetric calibration method for NACO allow us to map the polarization in a region of 8 × 25 (Ks) resp. 26 × 28 (Lp). These
are the first polarimetric observations of the GC in the Lp-band in 30 years, with vastly improved spatial resolution compared to
previous results. This allows resolved polarimetry on bright bow-shock sources in this area for the first time at this wavelength.
Results. We find foreground polarization to be largely parallel to the Galactic plane (Ks-band: 6.1% at 20◦ , Lp-band: 4.5% at 20◦ ),
in good agreement with our previous findings and with older results. The previously described Lp-band excess in the foregound
polarization towards the GC could be confirmed here for a much larger number of sources. The bow-shock sources contained in the
FOV seem to show a diﬀerent relation between the polarization in the observed wavelength bands than what was determined for the
foreground. This points to the diﬀerent relevant polarization mechanisms. The resolved polarization patterns of IRS 5 and 10W match
the findings we presented earlier for IRS 1W. Additionally, intrinsic Lp-band polarization was measured for IRS 1W and 21, as well
as for other, less prominent mid-infrared-excess sources (IRS 2S, 2L, 5NE). The new data oﬀer support for the presumed bow-shock
nature of several of these sources (1W, 5, 5NE, 10W, 21) and for the model of bow-shock polarization presented in our last work.
Key words. Galaxy: center – polarization – dust, extinction – infrared: stars

1. Introduction
At a distance of ∼8.0 kpc (Ghez et al. 2008; Gillessen et al.
2009), the center of the Milky Way is by far the closest galactic nucleus. In its central parsec, a nuclear stellar cluster (NSC)
has been found with a ∼4.0 × 106 M super-massive black hole
at its dynamical center (Eckart et al. 2002; Schödel et al. 2002,
2003; Ghez et al. 2003, 2008; Gillessen et al. 2009). This cluster
exhibits similar properties to the NSCs found at the dynamical
and photometric centers of other galaxies (Böker 2010; Schödel
2011).
Near-infrared (NIR) polarimetric observations of this region
have been conducted over the past 35 years (see Buchholz et al.
2011 for an overview). In general, the shorter wavelength bands
(H and K) seem to be dominated by line-of-sight (LOS) effects, while localized eﬀects become more important with longer
wavelengths (see Capps & Knacke 1976; Knacke & Capps 1977;
Kobayashi et al. 1980; Lebofsky et al. 1982). These first studies
have already shown that the Galactic center (GC) is well suited
to studying both interstellar polarization and intrinsically polarized sources.

Tables 1 and 2 are available in electronic form at
http://www.aanda.org

A table containing the polarization parameters of the sources
examined here is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/557/A82

More than a decade later, higher resolution observations
(0.25) enabled Eckart et al. (1995) to increase the number of
polarimetrically observed GC sources dramatically (160 sources
in the central 13 × 13 , only Ks-band). In a follow-up study,
Ott et al. (1999) examined ∼40 bright sources in the central 20 × 20 at 0.5 resolution. Both studies confirmed a
largely uniform foreground polarization, but a more complex
picture started to emerge as well: individual sources showed different polarization parameters, such as a significantly higher polarization degree (IRS 21).
These results illustrated that intrinsic polarization is not limited to longer wavelengths, but that it also plays a role in the
Ks-band. Specifically, sources embedded in the Northern Arm
and other bow-shock sources show signs of intrinsic polarization, with IRS 21 showing the strongest total Ks-band polarization of a bright GC source detected to date (Eckart et al. 1995;
Ott et al. 1999, ∼10–16% at 16◦ ).
Using observations at even higher resolution, Buchholz et al.
(2011) presented H- and Ks-band polarimetry on 163 (H) respectively 194 (Ks) sources in the central 3 × 19 (with an
additional FOV in the Ks-band that was rotated by 45◦ containing 186 sources, see Fig. 1). That study indicated a possible additional large scale local contribution to the polarization, possibly caused by emission from aligned dust grains in
the Northern Arm of the Minispiral. The new data we present
here extend this study to the Lp-band, while also expanding
the Ks-band FOV. Our new study contains the first polarimetric
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Fig. 1. Ks-band image of the innermost 40.5 of the GC (ESO VLT NACO image, 2004, see Buchholz et al. 2009). The marked areas denote the
polarimetric FOVs: white indicates Ks-band, green Lp-band and blue H-band. The H-band (H1, see Table 1 and the two southern Ks-band FOVs
(K1, K2) have been presented in Buchholz et al. (2011), while the northern Ks-band (K3) and the Lp-band (L1) FOV are examined in this study.

Lp-band observations of the GC in the last 30 years (with the last
data at that wavelength taken by Lebofsky et al. 1982).
In general, three mechanisms can lead to NIR polarization in
GC sources: emission by heated, non-spherical dust grains, scattering (on spherical and/or aligned non-spherical grains), and
dichroic extinction by aligned dust grains. The observed LOS
polarization can be explained by the third eﬀect, while the first
two cases can be regarded as intrinsic to the source, thereby allowing conclusions about the source itself and its immediate environment. If a source is enclosed in an optically thick dust shell,
dichroic extinction can become important on a local scale as well
(see e.g. Whitney & Wolﬀ 2002).
A82, page 2 of 19

Even 60 years after Davis & Greenstein (1951) suggested
paramagnetic dissipation as the basic mechanism that could
cause the observed, large scale grain alignment, the issue is
still under discussion. In this process, the angular momentum
of rapidly spinning grains is aligned with the magnetic field.
This necessitates a suﬃcient grain magnetization and angular
momentum, and it is still not clear what mechanisms can produce this (see e.g. Purcell et al. 1971; Lazarian 2003; Lazarian
et al. 2007, for an overview of the proposed processes that are
expected to be relevant in diﬀerent environments). Therefore,
it remains diﬃcult to reach exact conclusions for dust parameters and magnetic field strength, but at least the magnetic field
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orientation can be determined. If the parameters change along
the LOS, this further complicates the issue.
Using the polarization angle as a probe for the magnetic
field orientation, Nishiyama et al. (2009, 2010) mapped magnetic fields in the innermost 20 resp. 2◦ of the GC. These studies
did not cover the central parsec due to insuﬃcient resolution.
The GC cannot be observed at visual wavelengths due to
the strong extinction caused by dust grains on the LOS (up
to AV = 40−50 mag, depending on the assumed extinction
law). This eﬀects extends into the NIR as well, with a value
around 3 mag in the Ks-band (e.g. Scoville et al. 2003; Schödel
et al. 2010; Fritz et al. 2011). While the contribution to the total
LOS extinction does not depend strongly on the geometry of individual grains, only elongated and aligned grains can contribute
to the observed LOS polarization. This already implies that there
is most likely no simple linear increase of polarization degree
with rising extinction, especially since grain alignment does not
have to be the same in every dust cloud along the LOS. Heiles
(1987) and Jones (1989) proposed a model where grain alignment is influenced by a constant and a random component of the
galactic magnetic field. The polarization caused by the former
would “pile up”, while the contributions from the latter would
cancel each other out along the LOS. This would lead to a decline of polarization eﬃciency (the relation between polarization
degree and extinction) with rising extinction. Jones (1989) found
that this takes the form of a power law relation with an exponent
of β = −0.25. In our recent study, we were able to confirm this
relation for the sources in the GC (see Buchholz et al. 2011). In
that work as well as in our new study, we used a Ks-band extinction map of the central parsec recently presented by Schödel
et al. (2010).
The wavelength dependency of the polarization degree is
also complex in general, but in the NIR, a power law relation
seems to apply (see Martin et al. 1990). That study also showed
that the semi-empirical law applicable to polarization in the optical domain (Serkowski et al. 1975; Mathis 1986) is a poor approximation in the NIR. At longer wavelengths, the power law
relation also seems to fail, with Lp-band polarization degrees exceeding the predicted values significantly. This eﬀect even seems
to increase towards the GC (Jones 1990). The exact cause for
this eﬀect is still unknown, partly due to the lack of polarimetric
observations in the L/M-band in the last decades.
In Buchholz et al. (2011), we presented the first resolved
polarimetric study of two extended and intrinsically polarized
sources in the GC, IRS 1W and 21. Tanner et al. (2002, 2005)
described IRS 21 as a bow-shock most likely created by a masslosing Wolf-Rayet star. Separating the observed polarization into
a foreground and a source intrinsic component, we were able to
show that emission from aligned grains is probably the dominant
mechanism that produces intrinsic polarization in both of these
bow-shock sources.
The aims of this work are to present the first ∼0.12 resolution Lp-band polarization measurements of GC sources, as
well as Ks-band polarimetry on a large number of sources north
of the FOV examined in our previous study. This allows us to
study two additional sources embedded in the Northern Arm
of the Minispiral (IRS 5 and 10W), as well as other extended
and intrinsically polarized objects. Resolved Lp-band polarimetry could be obtained on all bright bow-shock sources in the central 26 × 28 .
In Sect. 2, we present the photometric and calibration methods applied to the data. The results are presented in Sect. 3,
followed by a summary and discussion of their implications in
Sect. 4.

2. Observation and data reduction
2.1. Observation

The data presented here were obtained using the NAOSCONICA (NACO, see Lenzen et al. 2003; Rousset et al. 2003)
instrument at the ESO VLT unit telescope 4 on Paranal in
March 2011 (program 086.C-0049A, see Table 1). The seeing
varied during the observations, especially aﬀecting the Ks-band
dataset and the second night of Lp-band observations. Only
Lp-band observations taken in the first night were used. Using
the infrared wavefront sensor installed with NAOS, the bright
super-giant IRS 7 located about 6 north of Sgr A* was used
to close the feedback loop of the adaptive optics (AO) system.
In the Ks-band, the sky background was determined by taking
several dithered exposures of a dark cloud 713 west and 400
north of Sgr A*, a region largely devoid of stars. The Lp-band
sky was estimated on a region located 60 west and 60 north
of Sgr A*, switching between the sky and the target every other
exposure.
We used the Wollaston prism available with NACO in combination with a rotatable half-wave plate for the polarization
measurements. The two channels produced by the Wollaston
prism (0◦ and 90◦ ), combined with two orientations of the halfwave plate (0◦ and 22.5◦), yielded four sub-images for each of
several dither positions. Each sub-image covered a field-of-view
of 3.2 × 13.6 (Ks-band), respectively 3.2 × 27.8 (Lp-band),
due to the diﬀerent optics that were used (see Table 1). 26 of
these sub-images were used in the Lp-band, while the low data
quality in the Ks-band forced us to discard 26 sub-images in
the 0◦ /90◦ channel (leaving 21 out of 47 taken in total), as well
as 23 out of 47 in the 45◦ /135◦ channel (leaving 25). In total,
we were able to cover a field-of-view of 8 × 25 (Ks-band),
respectively 26 × 28 (Lp-band). This corresponds to 0.30 pc ×
0.96 pc and 0.96 pc × 1.04 pc, respectively (see Fig. 1). Per
sub-image, the area covered corresponds to 0.12 pc × 0.51 pc
(Ks-band) and 0.12 pc × 1.04 pc.
All images were corrected for dead/hot pixels, sky subtracted
and flat-fielded. It is essential for a correct calibration that the
flat-field observations are taken through the Wollaston, because
the flat-field shows variations caused by diﬀerent transmissivity
of the channels as well as eﬀects of the inclined mirrors behind
the prism (see Witzel et al. 2011; Buchholz et al. 2011, for details
on these eﬀects).
Even after the sky-subtraction and flat-fielding, the
March 2011 Lp-band images still contained significant patterns.
These are not actual structures in the GC itself (as a comparison
with previous Lp-band observations reveals, see e.g. Viehmann
et al. 2005), but must have been introduced either by the detector itself or possibly by the sky correction. This can happen
when the sky exposures contain sources themselves. Due to the
high sky flux, these cannot be easily made out and masked, as
it can be done in the Ks-band. Two distinct patterns occur in
all images: a series of “stripes” along the east-west-axis and a
“cloudy” structure in the east and west of the FOV. The latter
occurs at the same position in each image, while the former is
diﬀerent for each exposure.
The east-west pattern was approximated by averaging over
the x-axis of each image (excluding bright pixels, in order to
avoid a bias from the stars). The resulting profile was subtracted
from the image. This does not introduce a significant bias, since
there are no large scale east-west structures expected in this FOV.
In order to remove the stationary pattern, a median image was computed from all individual exposures (excluding the
stellar sources) for each polarization channel. This yielded a
A82, page 3 of 19
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characteristic pattern for each channel, which was then subtracted from all images.
Before and after the removal of each pattern, each image was
shifted to a background level centered around zero. This turned
out to be necessary since the background level after sky subtraction varied on the order of 10–20 counts between individual
images. With a highly variable sky (due to less-than-optimal observing conditions), this can be expected: the flux from the sky
alone reaches 2000–3000 counts per pixel, so a change of 1%
between sky and object exposure already produces an oﬀset
of 20–30 counts. Unfortunately, this means that the background
flux cannot be measured and any information about the background polarization is lost.
Compared to the data presented in Buchholz et al. (2011),
our new observations cover a much greater FOV, at the price of
a lower depth. The low data quality of the Ks-band data further
limits this study to the brighter sources in the field.
2.2. Photometry
2.2.1. K s-band

Unlike the data contained in our previous study (Buchholz et al.
2011), where all individual images covered essentially the same
FOV in the very center of the GC, the data taken in March 2011
sacrificed depth in order to achieve a much greater FOV. This
made photometry on a combined image impractical, because the
overlapping regions of the images were small, which in turn led
to a variable depth over the field.
In addition, the observations suﬀered from a small isoplanatic angle. Therefore, the point spread function (PSF) changed
visibly across the FOV. This eﬀect varied in strength between
the individual exposures. About half of the Ks-band exposures
had to be discarded because the very low data quality did not
allow reliable photometry. This introduced a further complication: about 50% of the individual images had to be discarded because of insuﬃcient quality, and this left very few corresponding
pairs of 0◦ /45◦ images (covering the same FOV and taken in sequence). The diﬀerent data quality can also introduce oﬀsets in
total intensity between the exposures (due to variable AO performance), and this made it necessary to conduct the photometry on
each exposure individually.
For this dataset (as well as for the Lp-band data, see below), using PSF-fitting or deconvolution-assisted photometry
(Buchholz et al. 2009, 2011; Schödel 2010) proved impractical.
The guide star IRS 7 was only covered in four of the selected exposures, and while this star would provide an excellent estimate
of the PSF including the faint wings, the variation of the shape
of the PSF between the diﬀerent images did not allow only this
PSF to be used for all other images as well. Local PSF extraction is complicated by the small number of suitable PSF stars in
each exposure. The large residua that are produced by using a
poorly fitting PSF in this case outweigh any advantage of these
otherwise much more precise photometric methods.
We therefore determined that the best way to achieve reliable
photometry on the individual images was aperture photometry,
using manually placed apertures for all sources in the FOV. Due
to the low depth of the observations, the issue of crowding is
far less important than in our previous study (Buchholz et al.
2011), especially since precise photometry is not possible here
for fainter sources (15–16 mag) anyway.
The apertures were created based on a mosaic image, by
placing an aperture on each discernible source and adjusting
its radius so that the whole PSF of each source was covered.
A82, page 4 of 19

Fig. 2. Flux uncertainties for the 0 degree channel of the Ks-band
dataset, plotted against the brightness of the sources in magnitudes. The
uncertainties were determined from the flux variations in background
apertures and can therefore only be regarded as a lower limit for the
actual uncertainties. The other channels show a very similar uncertainty
distribution.

Since only sources brighter than ∼14 mag were used (see below), source crowding was not an issue, and contamination by
the flux of neighboring or faint background sources can be assumed to be minimal. Brighter sources were covered by larger
apertures, on the order of 1 for the two brightest sources in the
field, IRS 7 (and IRS 3 in Lp-band). The apertures for the fainter
sources were significantly smaller, on the order of 0.2 .
Using these apertures, aperture photometry was conducted
on the sources present in each image. Only apertures fully contained in the respective FOV of each image were used (in order
to avoid problems with sources not fully contained in the FOV).
The background for each source was estimated using an average
over four background apertures close to each source, which were
placed in regions with no visible sources. This background flux
was then subtracted from the flux measured for the source.
The resulting fluxes were used to calculate the Stokes Q
and U parameters for each pair of 0◦ /90◦ and 45◦ /135◦ exposures (see Sect. 2.3). These values were then averaged to one Q
and U value for each source. This eliminates the bulk of the oﬀset in flux between individual exposures. No systematic oﬀsets
in the Q or U parameter were found between exposures.
The uncertainties of the measured fluxes were determined
by calculating the FWHM of the distribution of the fluxes in the
background apertures. The value
σ=

FWHM
√
2 2ln(2)

(1)

was adopted as the flux uncertainty per pixel. This led to a total
flux uncertainty for a given aperture of
√
(2)
σaper = 2n × σ,
with n as the number of pixels contained in the aperture. These
flux uncertainties contributed one component to the uncertainties
calculated for Q and U (see below). Figure 2 shows these flux
uncertainties in relation to the measured fluxes. The uncertainty
distribution shows a clear dependency on the flux, which can be
expected since this is basically a Poisson uncertainty. This only
sets a lower limit for the actual uncertainty of the measured Q
and U parameters. The main contribution to the uncertainties
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Fig. 3. Ks-band magnitudes of the sources detected in the polarimetric
dataset K3. Black: all sources. Green: sources with reliably measured
polarization parameters.

that were determined for these values stems from the variation
over several exposures (see below).
This technique was used to measure the fluxes of the 143 visible sources in the observed FOV of 8.6 × 25 . Compared to
the Ks-band data presented in Buchholz et al. (2011), the number of detected sources per arcsec2 is lower by a factor of ∼6.
This illustrates the much lower depth and worse data quality of
the 2011 data.
In order to determine the depth of the new Ks-band observations, we used the Ks-band magnitudes provided for the observed sources in Schödel et al. (2010). Figure 3 shows the resulting Ks-band luminosity function. Accoridngly, we estimate
the depth of the new observations as ∼14 mag, which is shallower by 1.5 mag than the data used in Buchholz et al. (2011).
2.2.2. L p-band

The Lp-band images varied much less in quality than the
Ks-band dataset, and all exposures could be used for photometry. The small overlap between the individual images and the
fact that most of the FOV was only covered by a single exposure made it necessary to conduct the photometry on the individual images. This was done in a similar way to the Ks-band
dataset (see above): the sources in the FOV were covered by
manually placed apertures, while the background was determined in a 2 pixel annulus around each aperture. Since the background was shifted to an average of zero for all images before
(see Sect. 2.1), the residual background only contributed a small
amount to the total flux measured in each aperture.
Unlike in the Ks-band dataset, each FOV was covered by two
corresponding 0◦ and 45◦ images. This allowed a direct comparison of the total intensity measured for each source by adding up
the fluxes in the 0◦ and 90◦ respectively the 45◦ and 135◦ channels. For each image pair, the total intensities of all sources were
added and a relative calibration factor was determined:

( f00,i + f90,i )
ctotalint =  i
·
(3)
(
i f45,i + f135,i )
All fluxes measured in the 45◦ and 135◦ channels were multiplied with this factor in order to ensure the same relative flux
calibration in all corresponding images. Due to the small overlaps between the images (the two northernmost FOVs showed
no overlap at all), a cross-calibration over the full FOV was not

Fig. 4. Flux uncertainties for the 0 degree channel of the Lp-band
dataset, plotted against the brightness of the sources in magnitudes. The
green points denote sources with reliable polarization parameters as was
determined later in the analysis, while the black points indicate sources
that were rated as unreliable. The uncertainties were determined from
the flux variations in background apertures and can therefore only be
regarded as lower limit for the actual uncertainties. The other channels
show a very similar uncertainty distribution.

possible in this way. Therefore, the measured fluxes were normalized to an average of one for each source before combining
them to a common list of all detected sources. This ensures that
possible diﬀerences in flux for sources detected in more than one
exposure did not influence the polarization determined for that
source.
In order to determine the depth of the observations, we used
the Lp-band magnitudes given for most of the observed sources
in Schödel et al. (2010). The few remaining sources that were not
contained in this catalogue were calibrated by comparing their
measured fluxes with those of the sources with existing reference
values in Schödel et al. (2010).
The flux uncertainties per pixel were determined from the
FWHM of the distribution of all background pixels of each image (see Eq. (1)), and this value was used to calculate a total flux
uncertainty for each source (see Eq. (2)). Figure 4 shows these
uncertainties in relation to the brightness of the sources, and they
show the expected distribution of a Poisson uncertainty. Only
sources with a relative flux uncertainty of less than 6% were used
in the subsequent analysis. This eﬀectively sets a lower brightness limit of ∼10.5 mag (see Fig. 5) for a reliable determination
of the polarization parameters.
2.3. Polarimetry

We determined the polarization degree and angle of each source
by converting the measured normalized fluxes into normalized
Stokes parameters:
I=1

f0 − f90
f0 + f90
f45 − f135
U=
f45 + f135
V = 0.
Q=

(4)
(5)
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2.4. Correcting for foreground polarization

In the same way as in Buchholz et al. (2011), we assume here
that the total eﬀect of the foreground polarization can be treated
as a linear polarizer with a certain orientation θfg and eﬃciency pfg . This can be described by a Mueller matrix,
S obs = Mrot (−θ ) × Mlin (p) × Mrot (θ ) × S int ,

Fig. 5. Lp-band magnitudes of the sources detected in the polarimetric
dataset L1. Black: all sources. Green: sources with reliably measured
polarization parameters.

Since NACO is not equipped with a λ4 plate, it was not possible
to measure circular polarization. But since the circular polarization of stellar sources in the GC is at best very small (Bailey et al.
1984), we assume here that it can be neglected and set to 0 at our
level of accuracy. Note that this may not be the case for dusty
sources where circular polarization may result from multiple
scattering if the local dust density is high enough. Polarization
degree and angle can then be determined in the following way:

P = Q2 + U 2
(6)
 
U
θ = 0.5 × atan
·
(7)
Q
Uncertainties for Q and U (and subsequently p and θ) were determined by error propagation of the measured flux uncertainties. Since this just yields a lower limit for the true uncertainty,
the standard deviation of the Q and U parameters of the sources
that were found in more than one field was added quadratically
to the uncertainties determined from the flux uncertainties alone.
In order to check whether or not the polarization of a source
was determined reliably, we used a combination of several methods: in the Lp-band, we calculated the normalized fluxes that
would be expected for the determined values of p and θ. The
diﬀerence between these values and the measured fluxes was
then compared to the photometric uncertainties of each datapoint. The source was only classified as reliable if the root-meansquare of the deviations did not exceed the root-mean-square
of the relative photometric uncertainties. In addition, sources
with dp > p (the uncertainty of the polarization exceeding its
value) were rated as unreliable. Due to the selection issues in
the Ks-band, the first method was not applicable. Here, only the
latter method was used, with sources with dp > p rated as unreliable measurements. The subsequent analysis is only based on
the sources classified as reliable.
Using the analytical model for the polarimetric calibration
of NACO developed by Witzel et al. (2011), we were able to reduce the systematic uncertainties produced by instrumental polarization and achieve a direct calibration for this larger FOV as
well (compared to the FOV presented in Buchholz et al. 2011,
thereby expanding our previous results). This method reduces
the systematic uncertainties of polarization degrees and angles
to ∼1% and ∼5◦ , so our final values are dominated by photometric uncertainties.
A82, page 6 of 19
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with S obs as the observed total Stokes vector and S int as
the Stokes vector of the intrinsic polarization. The Mueller
Matrix Mlin (p) describes a linear polarizer, producing a maximum of polarization along the north-south-axis. This matrix
has to be rotated to the appropriate angle by multiplying it
with Mrot (θ ), a standard 4 × 4 rotation matrix. The angle θ =
90◦ + θfg has to be used in the rotation matrix, since we define
the polarization angle θ as the angle where we measure the flux
maximum, while the angle of reference for the Mueller matrix
describing the linear polarizer is the angle where the maximum
in absorption occurs. The matrices are given in Buchholz et al.
(2011).
For each source to which the depolarization matrix was
applied, the foreground polarization had to be estimated. The
accuracy of this estimate controls the relevance of the resulting intrinsic polarization. We used the average of the polarization parameters of the surrounding point sources as an estimate
for θfg and pfg .
The resulting matrix can then be inverted and multiplied with
the calibrated observed Stokes vector of a source to remove the
foreground polarization and leave only the intrinsic polarization.
We applied this method to the extended sources, both to their
total polarization and the polarization maps, in order to isolate
their intrinsic polarization pattern (see Sect. 3.7). For each extended source, we indicated the point sources used as foreground
references (see subsections in Sect. 3.7).

3. Results and discussion
3.1. Ks-band polarization

Despite the much wider FOV compared to Buchholz et al.
(2011), the polarization parameters of only 126 sources could
be measured reliably. This still represents an increase by a factor of 4 compared to the sources in the same FOV for which
Eckart et al. (1995) determined the polarization (∼30 sources in
this area, while Ott et al. (1999) did not cover this region at all).
As in the deeper datasets, the polarization angles show the
expected alignment with the Galactic plane (see Fig. 6). There
may be a trend to larger polarization degrees towards the north
compared to the southern center, but it is not as clear as the trend
found in the Buchholz et al. (2011) data.
Fitting the distribution of the polarization angles with a
single Gaussian yields a peak at 20◦ ± 7◦ (see Fig. 7, lower
left frame). For comparison, the distribution was also fitted
with a double Gaussian, which led to two peaks at 16◦ ± 1◦
and 22◦ ± 7◦ . This improves the reduced χ2 by a factor of 3,
but the fact that the secondary peak lies within the FWHM of
the primary peak reduces the confidence in this feature.
The polarization degrees seem to show lower values towards
the southern-central part of the FOV, which would link up well
with the results found in (Buchholz et al. 2011, see Fig. 6).
Fitting the logarithms of the polarization degrees with a single
Gaussian yields a peak at (6.1 ± 1.3)%, while using a double
Gaussian resulted in a lower reduced χ2 (by a factor of 2), with
peaks fitted at (5.7 ± 1.0)% and (8.0 ± 2.1)%.
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IRS 5

IRS 10W

IRS 7
IRS 10E*

IRS 1W
IRS 16

Fig. 6. Ks-band polarization map of stars in the Galactic center. Only reliably measured polarization values are shown here. Black circles/red lines
and blue circles/green lines: datasets presented in Buchholz et al. (2011). Red circles and black lines: new March 2011 Ks-band data. The diameter
of the circles corresponds to the brightness of the source. Thin black lines in the background denote magnetic fields determined from mid-infrared
(MIR) data (Aitken et al. 1998, based on a 1.5 beam). The brightest sources are also indicated.

The uncertainties of the polarization angle mostly stay below 15◦ (see Fig. 7, lower right frame), and this further limits
the confidence in the second peak due to its small oﬀset from
the primary feature. The relative uncertainties of the polarization degree reach up to 50% (except a few outliers, see Fig. 7,
upper right frame).
A complete list of all detected sources with reliably measured polarization parameters is included as online material (table A1). This list contains the position oﬀsets from Sgr A* (RA,
Dec), H-, Ks-, and Lp-band (see Sect. 3.2) polarization parameters of the sources observed in this work and in our previous
publication, Buchholz et al. (2011).
3.2. Lp-band polarization

The polarization of 84 sources in the Lp-band dataset could
be determined reliably. Considering the size of the FOV, this
number appears small compared to the H- and Ks-band data presented in Buchholz et al. (2011), but Lp-band polarimetry suﬀers
from much larger diﬃculties than what is encountered at shorter
wavelengths. Figure 8 shows that while there is an overall trend
of polarization along the Galactic plane (as seen in the H- and

Ks-band), there is a significant number of outliers with either
strongly deviating polarization angles or much weaker/stronger
polarization degrees than what is expected for pure foreground
polarization. Considering the complex structures observed in the
Lp-band in the central parsec (large-scale dust structures, bowshocks, embedded sources), this is not surprising.
Despite these additional complications, the distribution of
polarization angles (see Fig. 9, lower left frame) shows a clear
peak at 20◦ ± 5◦ when fitted with a single Gaussian. A small
secondary feature might be present at ∼35◦ , and a fit with a double Gaussian indeed has a better reduced χ2 (by a factor of 2.5).
But considering the small number of sources contained in this
feature compared to the number of the other, more widely distributed outliers, this may not be a significant feature at all. In
addition, the single Gaussian fits the distribution with suﬃcient
accuracy, and it does not diﬀer much from the first peak of the
fitted double Gaussian.
In the same way, the distribution of the logarithms of the
polarization degrees shows a slightly widened peak at (4.5 ±
1.4)% (see Fig. 9, upper left frame), which can also be fitted
with a double Gaussian for a better reduced χ2 (by a factor of 5).
This produces a secondary peak at ∼6%, but again, this may not
be significant, considering the width of this peak and the fact
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Fig. 7. Ks-band polarization degrees (plotted on logarithmic scale, upper left) and angles (lower left) of stars in the Galactic center. The red lines
denotes fits with a single Gaussian distribution, while the green respectively blue lines denote the fit with a double Gaussian (green: sum, blue:
individual Gaussians). Upper right: relative uncertainties of the polarization degrees. Lower right: absolute uncertainties of the polarization angles.

that it is within the FWHM of the fitted single peak. The single
Gaussian provides a suﬃcient fit.
Figure 9, upper right frame, shows the relative uncertainties of the polarization degree. These uncertainties mostly stay
below ∼60%, a value significantly larger than what was found
for the relative uncertainties of the other datasets (see Buchholz
et al. 2011). This again indicates the problems of Lp-band polarimetry (diﬃcult photometry combined with lower polarization degrees compared to the H/Ks-band). The uncertainties of
the polarization angles (see Fig. 9, lower right frame) reach up
to ∼25◦, which is also higher than what was found in the other
datasets. The uncertainties of the polarization parameters further decrease the confidence in the significance of the small secondary features found in both distributions.
3.3. Comparison to previous results

Our own recent study (Buchholz et al. 2011) was the first that
measured the NIR polarization of GC sources at this spatial resolution. The FOV of that work does not overlap with the new data,
so a direct source-by-source comparison is not possible. The distributions of the polarization parameters show similar features,
however: the distribution of the angles found here (see Fig. 7)
does not diﬀer much from what was found for datasets K1
and K2, and the fitted single Gaussian peaks agree within the
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uncertainties. The double Gaussian fit is also consistent with
dataset K1: the two peaks fitted here match the values found
for the peaks in dataset K1 within one respectively two sigma
(peaks at 10◦ /16◦ respectively 26◦ /22◦ ). On average, the polarization degrees are slightly higher than those found in our previous study (see Fig. 7, upper left frame), but the peak of the fitted single Gaussian still agrees with the value found in Buchholz
et al. (2011) within the uncertainties. The peaks of the fitted double Gaussian are also consistent with the two peaks fitted in our
last study, but the second feature found here is a lot less pronounced compared to the previously presented data.
A comparison to the values presented in Eckart et al. (1995)
reveals considerable deviations: only 47% of the 32 sources
found both in the older study and the new dataset show an agreement in polarization degree within 3σ or less. 63% of the sources
show a 3σ agreement for the polarization angles. The FOV of
this dataset and that of Ott et al. (1999) do not overlap, so no
comparison was possible. It has to be noted, however, that the
agreement with these older studies was significantly better for
the sources contained in Buchholz et al. (2011).
In general, diﬀerences between these older studies and the
new measurements can probably be attributed to the lower spatial resolution of the former. But the lower data quality of the
observations presented in this work compared to the data used in
our previous study most likely also reduces the agreement with
the Eckart et al. (1995) values. Both older studies show average
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Fig. 8. Lp-band polarization map of stars in the Galactic center. Only reliably measured polarization values are shown here. Red lines indicate the
polarization vectors of sources classified as aﬀected by intrinsic polarization according to Sect. 3.5 as well as the observed bow-shock sources,
while green lines denote sources only exhibiting foreground polarization.

polarization angles generally parallel to the Galactic plane, on
average at 25◦ respectively 30◦ . Similar results are found here
for the much larger new sample of sources. The distribution of
the polarization degrees determined from our new data peaks at
higher values than the flux-weighted average polarization degree
of the older studies, but that can be expected since the inclusion
of IRS 7 with its polarization degree of only 3.6% in both older
surveys lowered the flux weighted average that was calculated
there considerably (see also the note on flux-weighted averaging
in Buchholz et al. 2011).
There are only a few sources in the FOV of the presented
dataset that can be compared directly to the K-band results of
Knacke & Capps (1977): IRS 7 is bright and isolated enough to
be detected as a single source even in the old data. IRS 3 would
also be suitable for such a comparison, but this source is not
fully contained (i.e. located on the edge of the FOV) in any of
the 2011 images.
Knacke & Capps (1977) measured a polarization of (3.0 ±
0.3)% at 20◦ ± 5◦ for IRS 7, and the value found here matches
that result quite well: (2.9 ± 1.0)% at 13◦ ± 10◦ have been measured based on the 2011 data, but it has to be cautioned that the
saturation of the source might influence these results.
In the Lp-band, there are even less possibilities for a comparison: Lebofsky et al. (1982; 5.8 beam) and Knacke & Capps
(1977; 7 beam) are the only studies to date that measured

L-band polarization in the GC. Only two sources can be compared directly: Knacke & Capps (1977) measured the polarization of IRS 3 as (3.4±1.0)% at 16◦ ±8◦ , while they give values of
(2.6 ± 0.3)% at 43◦ ± 5◦ for IRS 7. Lebofsky et al. (1982) do not
provide values for IRS 3, but measured (3.2 ± 0.5)% polarization
at 13◦ for IRS 7. The values found in our observations for these
two sources, about 30 years and several instrument/telescope
generations later, agree relatively well: the polarization of IRS 3
is measured as (3.7 ±0.1)% at 16.0◦ ±0.7◦ , which is in very good
agreement with the Knacke & Capps (1977) value. IRS 7 exhibits a polarization of (3.6 ± 0.1)% at 20.9◦ ± 0.7◦. This matches
the Lebofsky et al. (1982) values better, while the measured angle deviates from Knacke & Capps (1977). The good agreement
of these polarization parameters indicates that the recently developed calibration model of Witzel et al. (2011) is applicable to
the Lp-band as well, though further observations of polarimetric
standard sources in this wavelength band would be desirable to
support this.
3.4. Detecting intrinsic polarization

The variation of the foreground polarization over the FOV (see
e.g. Buchholz et al. 2011, and results presented above) makes
it diﬃcult to determine exactly whether a source is aﬀected by
additional intrinsic polarization. If only one wavelength band is
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Fig. 9. Lp-band polarization degrees (plotted on logarithmic scale, upper left) and angles (lower left) of stars in the Galactic center. The red
line denotes the fit with one Gaussian distribution, while green respectively blue lines denote the fit with a double Gaussian (green: sum, blue:
individual Gaussians). Upper right: relative uncertainties of the polarization degrees. Lower right: absolute uncertainties of the polarization angles.

available, the only possibility is a comparison of Q and U (or p
and θ) for each source to the parameters found for the neighboring sources. In case of deviations that exceed a given theshold, the source can be classified as intrinsically polarized. This
threshold can be determined from the width of the distributions
of the parameters.
Another option exists where measurements in several wavelength bands are available as it is the case for the sources common to Ks- and Lp-band (as shown in Sect. 3.5). The relation
between Ks- and Lp-band polarization of a source can provide a
pLp
strong indication of intrinsic polarization: if pKs
is significantly
higher or lower than the value expected for foreground polarization (∼0.7–0.8 towards the GC, see Jones 1990) or if the
polarization angles deviate strongly between the two bands, the
source can be regarded as intrinsically polarized. The reason for
this is that at least in the foreground component, the same grains
should be responsible for the polarization in all NIR (and optical)
bands. While diﬀerent grain parameters and alignments could
lead to diﬀerent contributions at the observed wavelengths, such
influences will generally even our along the LOS, and a purely
foreground-polarized source should show the same polarization
angle over these wavelength bands. If it does not, another local
component must be contributing.
Table 2 lists the sources detected in both bands, classifying
them as mainly foreground aﬀected or as candidates for intrinsic
A82, page 10 of 19

polarization. This was determined based on the comparison between the two wavelength bands (see Sect. 3.5).
3.5. Relation between Ks- and Lp-band foreground
polarization

For 37 sources, Ks-band and Lp-band polarization parameters
have been measured. This is less than half of the available
Lp-band sources, but that can be expected considering the respective fields-of-view observed in both bands (see Fig. 1).
Of these common sources, 9 candidates for intrinsic polarization have been found based on the methods described in
Sect. 3.4. Table 2 shows the polarization parameters of the
common sources, as well as the classification of each source
as intrinsically or foreground polarized. Several bright likely
intrinsically polarized sources are examined in more detail in
pLp
Sect. 3.7. Figure 10 shows the distribution of pKs
and the diﬀerence between the polarization angles. Most of the outlier values
can be assumed to be aﬀected by intrinsic polarization (plotted in red), while the distribution of the foreground-polarized
pLp
sources shows clear peaks at 0.8 ± 0.3 ( pKs
) respectively −2◦ ± 9◦
(θLp −θks ). The latter value agrees with zero within the uncertainties, which is expected if indeed the same grain population (or at
least grains aligned in the same direction) is responsible for the
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Fig. 10. Left frame: relation of Lp- to Ks-band polarization degree (logarithmic plot). Right frame: diﬀerence between Lp- and Ks-band polarization
angle. In both frames, the red columns represent suspected intrinsically polarized sources, while the black columns contain sources aﬀected only
by the foreground polarization. The green lines represent Gaussians fitted to the histograms.

polarization at both wavelengths. The former exceeds the value
expected from theoretical and semi-empirical models: while the
Serkowski et al. (1975) law does not work well in the NIR anyway (see e.g. Martin et al. 1990), the model proposed by Mathis
(1986) and the power law relation suggested by Martin et al.
(1990) predict too small values as well. Jones (1990) compared
these relations to data obtained on local sources and observations
on three GC sources, IRS 7, IRS 9 and GCS 9. The GC sources
showed an even higher excess than the local sources compared
pLp
to the results of the models/relations, with pKs
around 0.7. This
is confirmed here for a much larger number of sources, while
the cause remains uncertain. Jones (1990) suggested polarimetric observations at even longer wavelengths and spectropolarimetric observations in the Lp-band as a possibility to shed some
more light on this issue.
Nagata et al. (1994) conducted such spectropolarimetric observations on several sources within 0.5◦ of the GC, including IRS 7, finding a polarization excess over the whole 3 μm
window. They proposed that this excess might be a localized
feature, and its source not ubiquitous in the diﬀuse interstellar medium on galactic scales. It might prove interesting to repeat such observations at higher resolution (the authors used
an 8 aperture), comparing e.g. sources in the central parsec
with those in other areas close to the GC, such as the Arches
and Quintuplet clusters.
βλ1 λ2 = −

ln(pλ2 /pλ1 )
·
ln(λ2 /λ1 )

(9)

In more recent observations, Hatano et al. (2013) studied the
foreground polarization towards the GC (innermost 5.7 deg2 ),
observing in the J-, H-, and Ks-bands. They found a significant flattening of the power-law wavelength dependence (see
Eq. (9)) towards longer wavelengths, finding power-law indices
of β JH = 2.08 ± 0.02 and βHKs = 1.76 ± 0.01. While polarimetric
J-band observations are not possible with NACO (the J-band filter is mounted in the same filter wheel as the Wollaston prism),
we notice a similar flattening when we compare the H- and
Ks-band data of our last study (Buchholz et al. 2011) with the
Ks- and Lp-band data presented here: we find βHKs = 2.4 ± 1.7
and βKsLp = 0.40 ± 0.67. Despite the large errors, we are able
to confirm that the observed flattening of the wavelength dependence extends well into the Lp-band. The only value that

is directly comparable (βHKs ) agrees with the value found by
Hatano et al. (2013) within the uncertainties, but it is quite a bit
higher. It has to be considered of course that our studies only
cover a much smaller region of the sky, and that local eﬀects
may play a significant role, as already stated in Buchholz et al.
(2011). But the observed trend supports the findings and conclusions of Hatano et al. (2013) towards this innermost region of
the GC as well, specifically that large aligned grains must exert
a significant influence.
3.6. Correlation with extinction

We determined the extinction towards each source from the extinction map of the GC presented by Schödel et al. (2010). This
was done in the same way as in Buchholz et al. (2011).
For the sources found in the K2 and K3 datasets, a clear separation into two distinct groups of sources based on the Ks-band
polarization is not as evident as what was found in our previous
study for the K1 dataset, but the polarization degrees still show
a wide distribution compared to the individual peaks found in
Buchholz et al. (2011) for the K1 data. In order to investigate
if an oﬀset in polarization eﬃciency (as found in the previous
work) can be found here as well, a separation at 6% (K2) respectively 7.3% (K3) was introduced here (labeling the resulting subgroups as pK+ and pK− ) . These values were chosen based on
Fig. 7 and Fig. 7 in Buchholz et al. (2011). We excluded sources
with less than 3% polarization, since this low value indicates either a foreground source or intrinsic polarization perpendicular
to the foreground (e.g. in IRS 1W and 10W, see Sect. 3.7). In
both of these cases, no direct relation between the total polarization and the foreground extinction can be expected.
In all cases, the distributions can be fitted with a power law,
pλ
∝ AβKs ,
Aλ

(10)

yielding the following power law indices:
βK2,− = −0.9 ± 0.2
βK3,− = −1.4 ± 0.3
βK2,+ = −1.3 ± 0.3
βK3,+ = −1.0 ± 0.5.
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Fig. 11. Polarization eﬃciency in dataset K2 (Ks-band, upper frames) and dataset K3 (Ks-band, lower frames), compared to Ks-band extinction,
plotted as point density, with typical uncertainties represented on the left. pK+ and pK− sources shown separately in left respectively right frames
for both bands. Green lines represent the fitted power-law relation. For the polarization eﬃciency in dataset K1, see Buchholz et al. (2011), Fig. 16.

While slightly steeper than the power law found for dataset K1
previously, these new findings still agree with the results presented in Buchholz et al. (2011) and the conclusions drawn in
that study. Considering the shape of the point density plots (see
Fig. 11), the uncertainties given for the power law indices might
even be underestimated. This eﬀect is caused by the larger scatter in the polarization parameters in these two datasets, which in
turn results from the lower photometric quality.
Compared to the pK− values, a significant oﬀset in polarization eﬃciency is detected for the pK+ sources, while the underlying power law appears to be very similar. Again, this reproduces
the findings in our previous study for the smaller FOV of dataset
K1, and reinforces our conclusion that this might indicate a local
contribution to the polarization, likely by dust in the central parsec itself. It has to be noted, however, that the oﬀsets found for
the K2 and K3 sources are smaller compared to the K1 sources,
and this limits the confidence in this conclusion.
The distribution of the polarization eﬃciency combined for
the three Ks-band datasets is shown in Fig. 12. Fitting a power
law to the polarization eﬃciency leads to
βtotal,− = −1.1 ± 0.2
βtotal,+ = −1.3 ± 0.2.
These values agree with the results found for the individual
datasets within the uncertainties. A similar oﬀset between the
A82, page 12 of 19

higher and lower polarized sources is also found here, but there is
a considerable overlap between the sub-groups. This stems from
the diﬀerent selection criteria applied to the diﬀerent datasets.
3.7. Bow-shock polarization
3.7.1. IRS 1W

In Buchholz et al. (2011), we determined the H- and Ks-band
polarization of IRS 1W as
tot
◦
◦
ptot
H = 5.2 ± 0.5 at θH = −12 ± 5
int
◦
◦
pint
H = 6.9 ± 0.5 at θH = −73 ± 5
tot
◦
◦
ptot
Ks = 1.8 ± 0.5 at θKs = −37 ± 5
int
◦
◦
pint
Ks = 7.8 ± 0.5 at θKs = −75 ± 5 .

The values found for the Lp-band confirm this trend: while a
total polarization of (4.9 ± 0.5)% at (−62 ± 5)◦ is measured, applying a depolarization matrix with p = 4%, θ = 25◦ (estimated
based on the IRS 1 and IRS 16 point sources) within yields an intrinsic polarization of (8.9±0.5)% at (−63±5)◦. The polarization
angle appears consistent over the three bands, which suggests
that the same process is responsible, while the increase of the intrinsic polarization degree towards longer wavelengths points to

R. M. Buchholz et al.: Stellar and bow-shock polarimetry in the GC

Fig. 12. Polarization eﬃciency of the sources in all Ks-band datasets (K1, K2, K3) compared to Ks-band extinction, plotted as point density, with
typical uncertainty represented on the left. pK+ and pK− sources shown separately in left respectively right frame. Green lines represent the fitted
power-law relation.

Fig. 13. Map of the intrinsic Lp-band polarization of the extended
source IRS 1W. The arrows indicate the proper motions of the central
source, the motion of the Northern Arm material and the motion of both
relative to each other.

Fig. 14. Map of the intrinsic Lp-band polarization of the extended
source IRS 21. The arrows indicate the proper motions of the central
source, the motion of the Northern Arm material and the motion of both
relative to each other.

the higher influence of the extended dust component compared
to that of the central source.
In order to investigate the polarization pattern in diﬀerent regions of this extended source, the polarization was measured in
small apertures in the deconvolved images, and the foreground
polarization was subtracted using a Mueller matrix as described
in Sect. 2.4. Figure 13 shows the polarization pattern in the
Lp-band, and the similarity to both the H- and the Ks-band pattern (see Buchholz et al. 2011) is quite apparent, despite the
much lower depth. The polarization increases in the tails of the
bow-shock, while the apex shows signs of depolarization.

(19.0 ± 0.5)% at (24 ± 5)◦ , and subtracting the foreground
polarization (see Sect. 3.7.1, estimated based on the IRS 1
and IRS 16 point sources) reveals an intrinsic polarization of
(15.0 ± 0.5)% at (24 ± 5)◦ .
By comparison, the polarization pattern in the Lp-band (see
Fig. 14) appears more uniform: polarization degrees on the order of 15% are detected in regions with significant flux, with
very similar polarization angles of 20–25◦. As in the Ks-band,
no clear substructure (as it was found for IRS 1W) is apparent.

3.7.2. IRS 21

In Buchholz et al. (2011), we measured the Ks-band polarization
of IRS 21 as
tot
◦
◦
ptot
Ks = 9.1 ± 0.5 at θKs = 16 ± 5
int
◦
◦
pint
Ks = 6.1 ± 0.5 at θKs = 5 ± 5 .

In the Lp-band, IRS 21 shows a much stronger polarization
compared to the Ks-band. The total polarization amounts to

3.7.3. IRS 10W

IRS 10W is contained in the FOV of the 2011 Ks- and Lp-band
data. No polarimetric H-band observations of this source are
available.
The quality of this Ks-band dataset is insuﬃcient for spatially resolved polarimetry, so only total values could be obtained: we measured the total polarization of IRS 10W as (2.1 ±
0.5)% at (6 ± 5)◦ in the Ks-band. Applying a depolarization matrix with the polarization of IRS 10E* used as the foreground
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Fig. 15. Map of the intrinsic Lp-band polarization of the extended
source IRS 10W. The arrows indicate the proper motions of the central source, the motion of the Northern Arm material and the motion of
both relative to each other.

Fig. 16. Map of the intrinsic Lp-band polarization of the extended
source IRS 5. The arrows indicate the proper motions of the central
source, the motion of the Northern Arm material and the motion of both
relative to each other.

value (this source is point-like and does not show signs of intrinsic polarization, with (5.4 ± 0.5)% at (28 ± 4)◦) yielded an intrinsic polarization of (4.2 ± 0.5)% at (−52 ± 5)◦ . In the Lp-band,
we found similar values: the total polarization is measured as
(0.9 ± 0.5)% at (−61 ± 5)◦, which yields an intrinsic polarization
of (5.6 ±0.5)% at (−67 ±5)◦, assuming a foreground polarization
of (4.7 ± 0.5)% at (22 ± 5)◦ , which was again estimated based on
IRS 10E*.
IRS 10W does not show the clear bow-shock morphology
that was found in the case of IRS 1W (see Fig. 15). Tanner et al.
(2005) fitted this source with a bow-shock like shape, but the
authors of that study themselves cautioned that the angle of the
best-fit solution did not agree with the observed proper motions
of the source and the dynamics of the Northern Arm. They instead suggested that the observed shape was produced by the
additional influence of an outflow from IRS 10E*, a highly variable source about 2 to the south-east. The resolved Lp-band
polarization (see Fig. 15) is also not consistent with a bowshock with the apex towards the east. The pattern found here
would agree well with a bow-shock oriented at about 30◦ eastof-north, which would be consistent with the source proper motions and the Northern Arm flow here. The polarization pattern
is less symmetric than that found for IRS 1W, and the uncertainties are larger, but these findings seem to confirm the suggestion
of Tanner et al. (2005) that the bright region in the south-east is
indeed not the apex of the bow-shock.
The total polarization measured in the Ks- and Lp-band
supports this argument as well. An intrinsic polarization angle
perpendicular to the bow-shock angle would be expected, and
therefore the observed angles of −52◦ respectively −67◦ would
indicate a bow-shock angle of about 20–40◦.

Note that this estimate depends critically on the accuracy of the
foreground value.
Looking at the Lp-band, the source also shows a deviation
in polarization from the sources around it: we measured a value
of (1.8 ± 0.5)% at (14 ± 5)◦ , and with a foreground polarization
of 4% at 25◦ this leads to an intrinsic value of (2.5 ± 0.5)% at
(−57 ± 5)◦ . The angle we find here coincides with the Ks-band
angle and with the expectations from the observed orientation of
the bow-shock.
The resolved Lp-band polarization pattern (see Fig. 16) resembles that of IRS 1W closely, with stronger polarization found
in the tails of the bow-shock, a decrease towards the apex and
very uniform polarization angles. As for IRS 10W, the Ks-band
data quality does not allow spatially resolved polarimetry. The
observed pattern in the Lp-band agrees very well with the proper
motions of the source and the streaming motion in the Northern
Arm, as do the total intrinsic polarization parameters.

3.7.4. IRS 5

IRS 5 also shows a bow-shock shape in the Ks- and the Lp-bands
(as found by e.g. Tanner et al. 2005), and the total polarization
measured in both bands at least partly agrees with the observed
morphology: in the Ks-band, the source shows a total polarization of (5.4 ± 0.5)% at (24 ± 5)◦ . Most sources in the vicinity
seem to exhibit a stronger polarization (see Fig. 6) on the order of 7.5% at 24◦ , based on sources within ∼5 . This yields an
intrinsic polarization of (2.1 ± 0.5)% at (−62 ± 5)◦ for IRS 5.
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3.7.5. Comparing the bright bow-shock sources

In all four observed bright bow-shock sources, we find consistent
polarization angles in all wavelength bands. In addition, there
appears to be a similar relation between the Ks/Lp-band polarization degrees for all but one source, IRS 21. This increases the
confidence in the respective foreground estimates (an incorrect
foreground estimate can lead to a shift in the determined intrinsic polarization degree and angle, and this would generally aﬀect
the Lp- and Ks-band results diﬀerently due to the diﬀerent total
values).
For IRS 1W, we find that the intrinsic Lp-band polarization
degree exceeds the Ks-band value by a factor of 1.1. IRS 5 shows
a similar ratio (1.2), as does IRS 10W (1.3). By comparison,
IRS 21 exhibits an increase from the Ks- to the Lp-band value
by a factor of 2.5. Both values again diﬀer from the foreground
value, where a ratio of 0.8 is known from previous observations
(Jones 1990) and was again confirmed here. How can this behavior be explained?
Buchholz et al. (2011) suggested emission from aligned
grains as the dominant intrinsic polarization mechanism in the
bow-shocks in the GC. This model is supported by the resolved Lp-band polarimetry patterns presented here. But can
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the competing processes of scattering (single or multiple) and
local dichroic extinction play a role as well? For a given
grain alignment, dichroic extinction would produce polarization
perpendicular to emissive/single scattering polarization, while
multiple scattering might simply reduce the observed intrinsic
polarization (although multiple scattering on eﬃciently aligned
elongated grains may have the same result as single scattering on
these grains). The shape of IRS 21 suggests that the optical depth
of the dust obscuring it is higher than what is found towards the
Northern Arm bow-shocks, but is it suﬃcient for a significant
contribution of multiple scattering and/or local dichroic extinction? While a detailed model of bow-shock polarization using
measurements at more NIR/MIR wavelengths or even spectropolarimetry as input parameters would be desirable to clarify the
extent and relative importance of these processes, a rough estimate may already be possible from the Ks- and Lp-band values
alone.
pLp
The ratio pKs
is much higher for IRS 21 compared to the
IRS 1W-type sources (1W, 5, 10W). Moultaka et al. (2004) fitted the Lp-band spectrum of IRS 21 with a 1200 K blackbody,
which is hotter than the value found for IRS 1W in the same
study (∼900 K). This alone would lead to a higher emission at
shorter wavelengths, and if dust emission is dominant for both
sources, why is the polarization of IRS 1W and IRS 21 almost
the same in the Ks-band, while the latter source has a much
higher polarization in the Lp-band? The answer might be that
the optical depth respectively dust extinction also has to be considered: a higher optical depth towards IRS 21 would cause the
light from the central source to be mostly absorbed at shorter
wavelengths (which produces polarization perpendicular to the
emissive polarization) or aﬀected by multiple scattering (which
depolarizes the light). Even if this contribution stays the same
in the Lp-band, the dust primarily emits at longer wavelengths,
so the highly polarized dust emission becomes more and more
dominant towards the Lp-band. The emissive polarization in the
Ks-band is in turn reduced by the absorption/multiple scattering
component. For the IRS 1W-type sources, these two processes
would not play a significant role due to the much lower optical
depth towards the central source.
H-band polarimetry is only available for one bow-shock
source, IRS 1W (see Buchholz et al. 2011). Combined with our
new data, we find a HKsLp-relation of the polarization degrees
of 0.9:1:1.1 (normalized to pKs ). For the sources only aﬀected
by foreground polarization, we find a relation of 1.8:1:0.9 from
comparing the peaks of the distributions of the polarization degrees of the individual datasets (with the caveat that these do not
cover the same FOV). Considering the diﬀerent mechanisms responsible for the polarization in the two cases and the diﬀerent
grain parameters (especially temperature, density and eﬃciency
of alignment, also possibly the size distribution), it is not surprising that the relation found for the bow-shocks does not match the
LOS behavior.
The intrinsic polarization degrees of the Northern Arm bowshocks seems to exhibit another trend: from IRS 1W over
IRS 10W to IRS 5, the intrinsic polarization degree decreases
in the Ks- and the Lp-band. If we assume that the polarization
is only caused by emission in these three sources, this eﬀect
might indicate a decline in grain alignment (which may in turn
be caused by a lower magnetic field strength) towards the northern region of the Northern Arm. Viewed from the other side, this
finding indicates that the field strength increases as the initially
wide Northern Arm (Paumard et al. 2004) is compressed as it
is funneled towards the center. This behavior appears consistent,
but we must caution that this might be an overly simplified view

since the polarization degree is not necessarily directly correlated with the field strength (see Aitken et al. 1998). In addition,
the bow shocks should produce local disturbances in the magnetic field, which complicates any possible relation even more.
In order to further clarify these relations and to search
for possible substructures in polarization in IRS 21, additional
Lp-band observations with higher depth would be required, as
well as Ks-band observations of the Northern Arm region with
suﬃcient data quality for resolved polarimetry on IRS 5 and
IRS 10W. Furthermore, deep Lp-band observations would allow direct measurements of the polarization of the Northern
Arm dust features, as a supplement to the Aitken et al. (1998)
MIR data.
3.7.6. IRS 5NE

In addition to the bright bow-shock sources observed in the GC,
several other sources show a strong MIR excess. Among these,
IRS 5NE (one of the sources east of IRS 5 that were examined in
detail by Perger et al. 2008) shows a total Ks-band polarization
of (7.4 ± 0.5)% at (13 ± 5)◦ . The polarization parameters agree
with the expected foreground polarization (see Sect. 3.7.4). In
the Lp-band, there appears to be a significant polarization excess,
with a total polarization of (8.8 ± 0.5)% at (24 ± 5)◦ compared
to a value of 4% at 25◦ in the vicinity. This leaves (4.8 ± 0.5)%
at (23 ± 5)◦ of intrinsic polarization. While Perger et al. (2008)
described this source as compact with no apparent bow-shock
morphology or other extended component, they suggest that the
very red color points to the influence of a dust envelope and
that candidate sources include a dust-enshrouded low-luminosity
AGB star or possibly a young stellar object still in its dust shell.
They argue that IRS 5NE might also be a low luminosity variant
of the brighter bow-shock sources in the central parsec.
With the higher resolution available here and after a
Lucy-Richardson deconvolution, IRS 5NE appears clearly extended in the Lp-band (although no apparent bow-shock shape
can be observed, see Fig. 17). The shape of the source would be
marginally consistent with a bow-shock considering its proper
motions and the local streaming motion of the Northern Arm
(which seems to extend even further eastward than IRS 5 and 10,
see Paumard et al. 2004). The intrinsic polarization also suggests
a dusty source, and the polarization angle found here is almost
perpendicular to the relative motion of the source through the
surrounding material (Paumard et al. 2004; Perger et al. 2008)
and the observed elongated feature. The source is too faint and
the depth of the available data is too low for resolved polarimetry, but the findings mentioned above already make a good case
for IRS 5NE being a bow-shock source, similar to IRS 1W
and IRS 5.
3.7.7. IRS 2

The IRS 2 region, located south of IRS 13 (see e.g. map by
Viehmann et al. 2005), is made up of three main bright sources:
the extended sources IRS 2L in the north and IRS 2S in the south,
and a more compact source between the two, here referred to as
IRS 2C. Polarimetric data is only available in the Lp-band for
these sources.
A total polarization of (7.1 ± 0.5)% at (−60 ± 5)◦ is found
for IRS 2L, and with an assumed foreground polarization of 4%
at 25◦ based on neighboring sources within ∼10 , this source
shows an intrinsic polarization of (11.1 ± 0.5)% at (−62 ± 5)◦ .
IRS 2S exhibits a weaker total polarization at a similar angle,
with (3.2 ± 0.5)% at (−49 ± 5)◦ . With the same foreground
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Fig. 17. Left: Lp-band image of the MIR excess source IRS 5E before LR deconvolution. The arrows indicate the proper motions of the central
source, the motion of the Northern Arm material and the motion of both relative to each other. The magenta line indicates the polarization. Right:
The same source after LR deconvolution. The elongation of the source, the relative motion vector and the polarization all consistently indicate a
bow-shock source. Contours indicate flux levels, in steps of 10% of the maximum flux.

polarization, this leads to an intrinsic value of (6.9 ± 0.5)% at
(−58 ± 5)◦ . IRS 2C, located in projection directly between these
two sources, shows only the foreground value and no signs of
intrinsic polarization. This can easily be explained if this source
simply lies in front of the dust feature that stretches from IRS 13
down to IRS 2, while the other two sources are embedded in
this structure and aﬀected by it. This is supported by the shape
of the sources in Lp-band images, where IRS 2C appears pointlike and the other two are visibly extended. The fact that both
other sources show the same polarization angle but diﬀerent polarization degrees may indicate a diﬀerent dust column density
towards these sources, and indeed it seems as if the dust structure
they are embedded in becomes fainter towards the south (see e.g.
Fig. 2 in Buchholz et al. 2011).
No direct measurements of the projected velocities of the
local medium are available in this region (IRS 2 lies outside
of the region where velocities were mapped by Paumard et al.
2004). These sources lie between the regions for which Zhao
et al. (2009) determined local gas velocities. But if the local
magnetic field (see Aitken et al. 1998) follows the velocity field
as it is the case for the Northern Arm, this would indicate a
local streaming motion with an angle of 20–30◦ to the northsouth axis. If these sources are indeed embedded in a structure
that is on an infalling orbit around the center (in a way similar to the Northern Arm), the local streaming motion should
be towards the north-west. Figure 18 shows an assumed motion of the local medium (of ∼120 km s−1 , dashed blue line), and
the resulting relative motion. If these were bow-shock sources,
the polarization angle would be expected to be perpendicular
to the relative motion, and this is clearly not the case here: for
IRS 2L, the observed angle diﬀers by about 45◦ from the expected value, while for IRS 2S, it is even perpendicular to what
would be exptected for a bow-shock. In addition, the observed
angles diﬀer about 30◦ from the MIR angles determined for the
extended emission by Aitken et al. (1998). These findings indicate that the observed polarization may be influenced significantly by the local extended dust distribution and the interaction
of the central sources with the medium. Without examining the
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spatial polarization patterns and comparing them over diﬀerent
wavelength bands, it is not possible to determine whether these
sources are bow-shocks or not.

4. Conclusions
We draw the following conclusions:
1. Our new Ks-band observations do not show clear localized
oﬀsets in polarization degree and angle, compared to our
previous study of the innermost 3 × 19 (Buchholz et al.
2011). These features may however be masked by the lower
data quality, which leads to a wider distribution of both
parameters.
2. For the first time, Lp-band polarimetry was conducted
with an 8 m telescope, yielding polarization parameters
for 84 sources brighter than 11 mag in the central parsec. The
results confirmed the findings by Jones (1990) of a deviation
in the Lp-band from the NIR wavelength dependency of the
foreground polarization based on a much larger number of
sources.
3. The correlation between the spatially variable extinction
towards the central parsec and the polarization eﬃciency,
pλ
Aλ that was determined in Buchholz et al. (2011) has
been confirmed here. Separating the newly observed sources
based on their Ks-band polarization degree yields an oﬀset in
polarization eﬃciency similar to what was found in our previous study. There may indeed be an additional local component of the polarization here as well, but it cannot be localized as clearly as in the Buchholz et al. (2011) data.
4. As already shown in e.g. Buchholz et al. (2011), intrinsic polarization takes place in several sources in the central parsec, not only at longer wavelengths as shown first by
Knacke & Capps (1977), but also in the H- and Ks-band
(e.g. Ott et al. 1999). Using the Müller calculus, the intrinsic component can be isolated for point sources and maps of
extended features. The resulting total intrinsic polarization
angles for several known extended sources such as IRS 1W,
IRS 5, IRS 10W and IRS 21 agree very well with what can
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Fig. 18. Lp-band image of the MIR excess source IRS 2L (left) and IRS 2S (right) after LR deconvolution. The arrows indicate the proper motions
of the central source, the (assumed) motion of the local medium and the (assumed) motion of both relative to each other. The magenta line indicates
the polarization.

be expected from source morphology and relative motion of
gas/dust in the Northern Arm and the sources themselves.
Very similar intrinsic polarization degrees are measured for
IRS 1W and IRS 21, with (7.8 ± 0.5)% at (−75 ± 5)◦ for
IRS 1W and (6.1 ± 0.5)% at (5 ± 5)◦ for IRS 21 (both
Ks-band). Contrary to the wavelength dependency seen in
the foreground polarization, the H-band polarization degree
is slightly lower for IRS 1W compared to the Ks-band:
(6.9 ± 0.5)% at (−73 ± 5)◦ . The fact that the central source
contributes a larger amount of flux in the H-band compared
to the extended component, while the intrinsic polarization
mostly stems from the bow-shock, explains this discrepancy.
In the Lp-band, the intrinsic polarization degree of these two
sources deviates considerably (while the angles are still very
similar): IRS 21 shows a much stronger Lp-band polarization
of (15 ± 0.5)% than IRS 1W with (8.9 ± 0.5)%. This may be
an eﬀect of a much higher dust density and therefore higher
optical depth towards the former source.
5. IRS 5 and IRS 10W show a relation between Ks- and
Lp-band polarization similar to what was found for IRS 1W
(at lower total polarization degrees). It seems that the intrinsic polarization degree in both bands declines from IRS 1W
to IRS 5, with IRS 10W inbetween. This may point to a
decrease in grain alignment (and therefore magnetic field
strength?) from south to north along the Northern Arm, but
drawing such conclusions based on only three data-points
is risky at best. The resolved patterns also resemble that
found for IRS 1W, and they also agree well with the observed proper motions and the streaming motion of the local
medium, so it appears that the same mechanism is at work
there.
6. Of the remaining MIR excess sources contained in the observed FOV, only IRS 5NE, IRS 2L and IRS 2S seem to
show significant intrinsic polarization (IRS 9, for instance,
is apparently purely foreground-polarized). Considering the
known proper motions of these sources and the known (or in
case of the IRS 2 sources, assumed) streaming velocities of
the local medium, the polarization of IRS 5NE would agree

very well with a lower luminosity version of the bow-shocks
observed in IRS 1W, 5 and 10 W, while no clear conclusions
can be drawn for the IRS 2 sources. The latter may show
an influence of local dust emission in addition to their own
interaction with the medium.
Several eﬀects appear to contribute to the observed polarization
in the central parsec of the GC, in addition to the foreground
polarization. While the latter is dominant in most sources in all
three observed wavelength bands, large scale variations in foreground polarization angle and degree, as well as intrinsic eﬀects
play a very important role and may be used to further investigate
the interstellar medium in the GC.
The recently achieved polarimetric calibration of NACO
(Witzel et al. 2011) and the first successful polarimetric Lp-band
observations in nearly 30 years oﬀer the possibility to use these
tools to further enhance the knowledge of the stellar population
and the ISM in the vicinity of Sgr A*.
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Table 1. Details of the observations used for this work.

H1
K1
K2
K3
L1

Program
073.B-0084(A)
083.B-0031(A)
179.B-0261(A)
086.C-0049(A)
086.C-0049(A)

Date
2004–06–12
2009–05–18
2007–04–03
2011–03–19
2011–03–17

Mode
H, W
Ks, W
Ks, Wr
Ks, W
Lp, W

N
30
143
70
37
26

NDIT
1
4
2
2
150

DIT
30
10
15
15
0.2

CAM
S13
S13
S13
S13
L27

Strehl
0.17
0.27
0.22

Notes. Mode denotes the wavelength filter (H/Ks/Lp band, with central wavelength in μm) and the type of observations (Wollaston polarimetry
(W or Wr), the latter with a rotated FOV). N is the number of exposures that were taken with a given detector integration time (DIT). NDIT
(in s) denotes the number of integrations that were averaged online by the read-out electronics during the observation. CAM indicates the camera
optics used (S13 or L27). The Strehl ratio (if given) was measured using the strehl algorithm of the ESO eclipse package (Devillard 1997, publicly
available at http://www.eso.org/projects/aot/eclipse/distrib/index.html), given here is the average value over all images in each
dataset.
Table 2. Polarization parameters of the sources detected in the Ks- and Lp-band.
ID
1
2
5
7
8
11
12
184
187
195
196
197
199
201
284
300
305
389
399
400
401
403
404
405
406
407
411
412
413
414
421
422
424
427
432
515
526

Name
IRS 16NE
IRS 16C
IRS 1C
IRS 1NEE
IRS 1SE
RS788
IRS 16NW
IRS 34
IRS 6E
IRS 9
IRS 16SW3
IRS 16SWE
IRS 16SW2
IRS 35
IRS 16SW1
IRS 29
RS1378
RS3909
IRS 5NE
RS3078
IRS 5
IRS 10W
IRS 10E*
IRS 10E2
IRS 10E1
IRS 10E3
RS2257
RS2059
RS2214
RS2245
RS2538
RS1707
RS1644
IRS 7
IRS 30W
IRS 3
RS628

pKs [%]
2.7 ± 0.6
4.3 ± 0.6
8.2 ± 1.0
7.8 ± 0.8
7.6 ± 0.8
6.1 ± 0.8
3.9 ± 0.8
7.5 ± 0.5
4.8 ± 0.8
2.9 ± 0.9
2.7 ± 0.9
3.9 ± 1.0
2.1 ± 0.9
6.2 ± 0.9
3.1 ± 0.7
2.8 ± 0.8
5.0 ± 0.7
5.6 ± 0.5
7.4 ± 0.5
5.2 ± 0.5
5.4 ± 0.5
2.1 ± 0.5
5.4 ± 0.5
4.7 ± 0.5
5.3 ± 0.5
5.6 ± 0.5
6.4 ± 0.9
6.7 ± 0.5
7.5 ± 0.6
6.8 ± 0.5
5.5 ± 0.5
6.5 ± 0.5
5.5 ± 0.6
2.9 ± 0.5
5.9 ± 4.9
5.8 ± 4.8
2.3 ± 0.5

pLp [%]
3.3 ± 0.6
4.5 ± 0.9
6.6 ± 1.6
5.7 ± 2.3
7.1 ± 1.7
4.4 ± 0.9
3.8 ± 1.1
4.3 ± 2.4
3.8 ± 0.5
4.2 ± 0.5
3.5 ± 1.6
4.1 ± 0.8
4.9 ± 3.0
5.1 ± 3.1
6.1 ± 0.7
3.2 ±0.5
3.9 ± 2.8
5.2 ± 0.5
8.8 ± 0.9
4.0 ± 3.1
1.8 ± 0.5
0.9 ± 0.5
4.7 ± 0.5
5.6 ± 1.2
5.3 ± 2.7
6.1 ± 2.7
4.8 ± 2.4
6.0 ± 3.5
5.0 ± 3.1
3.8 ± 1.1
3.1 ± 1.3
4.3 ± 1.1
3.9 ± 2.0
3.6 ± 0.5
3.6 ± 1.1
3.7 ± 0.5
7.8 ± 3.9

θKs [◦ ]
35 ± 11
25 ± 5
8±6
5±5
11 ± 5
11 ± 5
26 ± 10
11 ± 5
19 ± 8
26 ± 16
17 ± 17
24 ± 9
4 ± 19
26 ± 5
20 ± 14
24 ± 11
25 ± 5
30 ± 5
13 ± 5
17 ± 5
24 ± 5
6±5
28 ± 5
28 ± 5
32 ± 5
30 ± 5
15 ± 5
20 ± 5
12 ± 5
18 ± 5
22 ± 5
18 ± 5
19 ± 5
13 ± 10
24 ± 10
10 ± 15
16 ± 8

θLp [◦ ]
12 ± 8
22 ± 7
20 ± 9
26 ± 14
24 ± 8
16 ± 8
25 ± 10
4 ± 24
18 ± 5
20 ± 5
–6 ± 23
25 ± 6
–20 ± 21
21 ± 22
21 ± 5
19 ± 5
28 ± 25
18 ± 5
25 ± 5
35 ± 23
14 ± 5
–61 ± 5
22 ± 5
22 ± 7
18 ± 17
–29 ± 16
26 ± 17
42 ± 16
–14 ± 24
11 ± 13
13 ± 19
24 ± 9
10 ± 23
21 ± 5
19 ± 12
16 ± 5
70 ± 13

Class
fg
fg
fg
fg
fg
fg
fg
fg
fg
int
int
fg
int
fg
int
fg
fg
fg
int
fg
int
int
fg
fg
fg
int
fg
fg
fg
fg
fg
fg
fg
fg
fg
fg
int

Notes. ID indicates the number of the source in the list contained in the online material. Name either lists the GCIRS number of the source or the
corresponding source number (RSxxxx) in Schödel et al. (2010). Class gives the classification of the source as intrinsically (int) or foreground (fg)
polarized.
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