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Abstract—Results of observations of the OH maser in W75N at 18 c¢cm are reported. The observations
were obtained on the radio telescope of the Nancay Radio Astronomy Observatory (France) from October
2007 to April 2009. The profiles of the Stokes parameters I, @, U, and V in the 1665 and 1667 MHz OH
lines have been measured. A technique taking into account instrumental polarization has been developed
and applied. The emission in the OH lines is strongly polarized both linearly and circularly. The degree of
polarization of some emission features reaches almost 100%. There were two flares of the maser emission
in 2008—2009. During a flare at a radial velocity of +5.5 km/s, a Zeeman pattern was detected in the
1667 MHz line. The measured intensity of the line-of-sight component of the magnetic field was —1.1 mG,
which corresponds to the field being directed away from the observer. The maser flares and the associated
enhancement of the magnetic field could be associated with the compression of gas at a shock front.

DOI: 10.1134/S1063772910070048

1. INTRODUCTION

Magnetic fields play an important role at all stages
of the star-formation process. Initially, magnetic
fields considerably enhance the efficiency of the for-
mation of giant molecular clouds via coalescence.
Magnetized clouds can move only along magnetic
field lines, making their motion one-dimensional,
thus, the probability of collision and coalescence
of clouds increases compared to the case of three-
dimensional motion in the absence of a magnetic field.

During the fragmentation of giant molecular
clouds, magnetic fields, together with rotation, sub-
stantially modify the process of the collapse and
accretion of material onto the central protostar. Since
rotational centrifugal forces increase near the central
condensation (protostar), the growth of the mass
due to the inflow of material is slowed, hindering
the formation of very massive stars. Magnetic fields
can efficiently brake the rotation, allowing matter to
fall freely onto the protostar. In addition, the mag-
netic field may prolong the accretion stage, enabling
protostars to acquire masses corresponding to those
of OB main-sequence stars, i.e., more than 8 M.

tDeceased.

Braking the rotation of the inner regions results in the
transfer of angular momentum from the core to the
disk surrounding the protostar. The circumstellar disk
can subsequently provide material for the formation of
protoplanets.

Observations can provide information about the
intensity and direction of the magnetic fields in star-
forming regions, through the polarization of the emis-
sion. Lines of the OH molecule, in particular, the main
lines of the ground state, are sensitive indicators of the
magnetic field. A large number of masers associated
with star-forming regions are observed in these lines.
In a magnetic field, the lines are split by the Zeeman
effect, which induces both circular and linear polar-
ization of the maser emission[1, 2]. The pattern of the
Zeeman splitting of the ground-state levels of the OH
molecule is considered in detail in [3].

Recently a number of observational studies of the
polarization of OH maser emission have been carried
out [4—9]. The detection of the Zeeman pattern in the
profiles of polarized maser emission enables estima-
tion of the magnetic fields in the sources. The mea-
sured fields reach several milliGauss, which is two to
three orders of magnitude higher than the mean field
in the interstellar medium.
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Fig. 1. Spectra of the Stokes parameters of the OH lines in W75N for October 27, 2007. Horizontal axis is the radial velocity
relatively to the Local standard of rest; vertical axis is the flux density.

The source W75N (G81.8714-0.781) is located
in the massive-star-formation complex Cygnus X,
located about 2 kpc from the Sun. It includes a num-
ber of dense gas—dust clouds, compact HII regions
around massive young stars, and maser radio sources
radiating in lines of hydroxyl (OH), water (H2O), and
methanol (CH3OH). OH maser emission in W75N
was first observed by Zuckerman et al. [10] in 1968.
The OH emission of W75N turned out to be strongly
variable; its variability on various time intervals was
studied in [9, 11, 12]. Interferometric observations of
the OH masers in W75N were carried out in [4—
8, 13—22]. The OH masers in the W75N region are
concentrated in two activity centers associated with
radio continuum sources—the compact HII regions
VLA I and VLA 2.

A model of the magnetic field in W75N based
on interferometric observations of OH masers was
considered in [23, 24]. Gray et al. [23] suggested
the presence of a rotating molecular disk that hosts
the maser condensations around the central object in
VLA 1. According to the model [23], the intensity and
direction of the magnetic field found from interfero-

metric maps in lines of the OH ground state 2H3/2,

J =3/2 (XA =18 cm)[21] correspond to twisted field
lines in a rotating disk. Fish et al. [24] deduced two
preferred directions of the magnetic field near VLA 1
from observations in lines of the excited OH state
I35, J = 5/2(X = 5 cm): North—South and East—
West. The magnetic fields derived in these papers are
~8 mQ.

On the VLBA map of the OH maser W75N
[19] obtained on July 1, 1998, the maser conden-
sations form an elongated arc encompassing the
radio continuum source VLA 1, consistent with the
circumstellar-disk model. There are pairs of spatially
coincident emission features with opposite directions
of circular polarization. These pairs were used by
Slysh et al. [19] to measure the corresponding mag-
netic fields, which were found to be 5.2 and 7.7 mG
for the two pairs of features “A—B” in the 1665 MHz
line and “M—Q” in the 1667 MHz line, respectively.

A strong magnetic field in W75N was measured in
[22]. A number of Zeeman features were detected on
VLBA maps of W75N obtained for January 1, 2001 in
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Fig. 1. (Contd.) Same as Fig. 1a for November 17, 2007.

the 1665 and 1667 MHz OH lines, implying magnetic
fields reaching values of 40 mG [22].

Here, we report new results of monitoring the flux
density and total polarization of the maser emission in
the 1665 and 1667 MHz OH lines (A = 18 cm) in the
star-forming region W75N obtained on the Nang¢ay
radio telescope (France).

2. ZEEMAN EFFECT IN THE MASER LINES

In a magnetic field, the main OH lines at 1665 and
1667 MHz are split into three components: the un-
shifted 7 component, which is linearly polarized, and
two o components shifted up and down in frequency,
which are elliptically polarized in opposite directions
[1, 2]. In a longitudinal field with intensity B, the
frequency separation between the o components is [2]

Ay — §9JMOB

for the 1665 MHz line,
Ay — éMB (2)
2 h

for the 1667 MHz line,
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where g is the Landé factor (0.935 for both lines),
o the Bohr magneton, and h Planck’s constant.

Numerically, po/h = 1.39967 kHz mG™; the split-
ting between the o components in radial velocity is

0.590 km s~! mG~! for the 1665 MHz line and
0.354 km s~! mG~! for the 1667 MHz line [2]. Mea-

suring the velocity difference between the oppositely
polarized o components, we can determine the inten-
sity and direction of the line-of-sight component of
the magnetic field. The positions of the masers of a
Zeeman pair measured in different polarizations coin-
cide within the errors, or within fractions of a millisec-

ond in the case of VLBI measurements. This condi-
tion follows from the nature of the Zeeman splitting:

both ¢ components are emitted by each molecule
simultaneously as a result of its precession in the
magnetic field. In the case of a maser, full or partial
suppression of one o component by the other is possi-
ble[25]. VLBI observations of OH masers confirm the
positional coincidence of the o components, though
their intensities are usually not equal.
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Fig. 1. (Contd.) Same as Fig. 1a for April 17, 2008.

3. OBSERVATIONS AND DATA
PROCESSING

We have observed the radio source W75N in the
hydroxyl lines on the radio telescope of the Nancay
Radio Astronomy Observatory of the Paris—Meudon
Observatory (France). This telescope is a two-mirror
Kraus instrument. It is a transit telescope, provid-
ing observations near the meridian. A movable flat
reflector 200 x 40 m in size directs incoming radio
waves onto a fixed spherical mirror 300 x 35 m in
size, which has a radius of curvature of 560 m and is
located at a distance of 460 m. In turn, this spher-
ical mirror focuses the radio waves onto a feed near
the ground, mounted on a chariot moving along a
rail track. The motion of this feed enables tracking
of a radio source within £30™/cosd in hour angle
relative to the meridian. At declination § = 0°, the
telescope beam at 18 cm is 3.5' x 19 in right as-
cension and declination, respectively. Observations of
radio sources are possible at § > —39°. The telescope
sensitivity at A = 18 cm and § = 0° is 1.4 K/Jy. The
noise temperature of the liquid-helium-cooled pre-
amplifiers is from 35 to 60 K, depending on the ob-
serving conditions.

The spectral analysis is carried out by an 8192-
channel autocorrelation spectrum analyzer. These
channels can be divided into several batteries, each
of which realizes an independent signal analysis in
one of the two OH lines (1665 and 1667 MHz) and
in one of four polarization modes. In our observations,
the spectrum analyzer was divided into eight batteries
with 1024 channels in each. The analysis frequency
bandwidth of each battery was 781.25 kHz, and the
frequency resolution was 763 Hz, corresponding to a
radial-velocity resolution of 0.137 km/s in the 1665
and 1667 MHz lines.

A recent upgrade has extended the capabilities
of polarization observations [26]. New observations
conducted by us in 2007—2009 appreciably supple-
ment earlier polarization studies performed with the
Nangay radio telescope. The radio telescope simul-
taneously receives two orthogonal modes of linear
polarization, directly yielding the intensities of the
corresponding linear modes (L0°, L90°). Mixing the
signals from the orthogonal feeds delaying the phase
of one mode by a quarter of the wavelength also yields
two orthogonal circular modes (LC1, RC1). Thus, the
three Stokes parameters I, V, and @ are observed
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Fig. 1. (Contd.) Same as Fig. 1a for July 20, 2008.

simultaneously (with an appropriate choice of coordi-
nate system). Further observations rotating the feeds
by —45° provide information on the intensity of linear
modes with polarization planes inclined —45° and 45°
to the initial planes, together with two new circular
modes RC2 and LC2. This enables the reconstruction
of the full polarization state of the source, since we
now observe Stokes parameter U instead of @ (in
the same coordinate system), so that all four Stokes
parameters are measured. As a result, eight quantities
are observed for each frequency channel, whereas the
polarization of the emission is completely described
by only four Stokes parameters. Thus, the data ob-
tained are redundant.

Combining the polarization modes, we can mea-
sure all four Stokes parameters of the OH maser
emission. The Stokes parameters are determined
from the flux densities F' of the various polarizations
in each frequency channel of the spectrum analyzer
as follows [26]:

I =F(0°)+ F(90°) = F(RC) + F(LC),
Q = F(0°) — F(90°),
U = F(45°) — F(—45°),
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V =F(RC) - F(LC).
The degree of linear polarization is

V@
L= "7

I
the position angle of the linear polarization is

= 180° arctan g
X - T Q bl

and the degree of circular polarization is

When obtaining polarization data from the radio
telescope, special attention should be paid to the
calibration of the so-called instrumental polarization.
Most often, a calibration source with known polariza-
tion properties is observed alternately with the studied
source. However, due to time limitations, observa-
tions of calibration sources are not always possible
and/or justified. However, even if no observations of
a calibration source are available, the instrumental
polarization can be retrieved via self-calibration of the
data, which is possible due to the redundancy of the
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Fig. 1. (Contd.) Same as Fig. 1a for September 16, 2008.

data obtained from the radio telescope. If we assume
that neither the observed sources nor the telescope
parameters responsible for the main instrumental er-
rors display appreciable variability on timescales of
10—20 min (the characteristic time of the observa-
tions), we can use the data redundancy to calibrate
the instrumental polarization. In practice, due to the
non-zero transverse dimensions of the feed and errors
in the position angle, it is not possible for the feed
to receive a strictly preset linear-polarization mode.
When considering the “contamination” of the main
received modes, we can assume in the simplest case
that, in addition to the main mode, the feed receives
a small fraction of the orthogonal mode. In the litera-
ture, this is known as the “D-terms model”; see, e.g.,
[27]. Let us write the field intensities in the mutually
orthogonal feeds A and B, with the = axis of the
coordinate system along the plane of the main mode
of feed A and the z axis along the line of sight toward
the source:

Eo=L;+ DaLy,
Ego = —DpLy; + Ly,

(3)

%[(DA + 1)Ly + (Dag — 1)L,
1

Eigs = ﬁ

where D is the fractional contamination of the main
mode by the orthogonal mode. According to the defi-
nition of the Stokes parameters I, @, and U (see, e.g.,
(28, 29]),

E_45=

[(1-=Dp)L, + (1 + Dp)L,],

I'=(LoLg) + (LyLy),
Q = (LaLy) — (LyLy),

the received intensities of the corresponding modes
can be written in this model as

Lo = Go(EoEy) = Go[(L. L)

(4)
U = (LyLy) — (LyLy),

(5)
+ Da(LoL}) + Da(LyL}) + D3(Ly, L),
Loo = Goo(EgoEjy) = Goo[DE(L,LY)
— Dp(L.Ly) — Dp(LyLy) + (LyL;)],
L_y5 = G_45(E_45E” 45)
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Fig. 1. (Contd.) Same as Fig. la for December 5, 2008.

5Gssl(DA + 2D+ 1)(L. L)
+ (D3 = D)((Lo Ly) + (LyL}))
+ (D3 —2Da + 1)(LyL})],

Liss = Gyas(EyasEys5)

1 .
= 5G+45[(D?3 —2Dpg + 1)(L,L%)

— (D% = D)({LaLy) + (LyL3))

+ (D% +2Dp + 1)(Ly,L})],

where the G’s are the instrumental gains of the re-
ceivers. In general, rotation of the feed can change the
gain factor (for instance, the position of a source rel-
ative to the antenna beam obviously changes); there-
fore, the factors Gy, —G_45, Ggo, and G5 are not
pairwise equal, though they are obviously not inde-
pendent. We intentionally do not present expressions
for the measured values of the circular polarization
modes, since they are derived by hybridization of the
measured electric-field intensities at the orthogonal
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feeds (with a shift by a quarter of the wavelength).
Though the expressions for each measured compo-
nent can be readily obtained in a similar way, each
contains several instrumental transfer factors, as well
as terms responsible for the instrumental delay of the
phases of the mixed signals. This strongly compli-
cates the problem of self-calibration. Nevertheless,
we study the possibility of using the redundancy of
the information received by the radio telescope to
calibrate the circular polarization (the results will be
published later). Neglecting second-order terms in D
in the above expressions and substituting the expres-
sions for the Stokes parameters, we find:

Lo = Gy E(IJF Q) +DAU:|, (6)

Loy = Gy E(I— Q) — DBU],
L= Gos B(I U+ DAQ],

1
Ligs =G5 [5(1 +U) + DBQ}
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Fig. 1. (Contd.) Same as Fig. 1a for December 13, 2008.

Thus, even after calibrating the absolute intensities
(i.e., the transfer factors G) with an artificial unpo-
larized calibration source, the D-terms remain un-
calibrated, and distort the observed polarization pat-
tern. We can see from the above equations that, for
a specified spectral channel, the number of unknowns
is one greater than the number of observed quantities.
However, if we assume that the D-terms are es-
sentially constant throughout the observed frequency
band (in the case of the Nangay radio telescope, the
relative bandwidth is dv/v ~ 2 MHz/1666 MHz ~
0.001), the situation changes: the number of un-
knowns becomes less than the number of observed
quantities. This can be used to determine the D-
terms and refined Stokes parameters. However, note
that the problem remains poorly constrained if the
number of observed spectral features within the fre-
quency band is small (and the problem is underdeter-
mined if there is only one feature in the band), since
it is logical to assume constancy of the polarization
state within a single feature and, consequently, of the
dependence of the Stokes parameters and observed
polarization modes. To find the Stokes parameters in
each frequency channel and the D-terms common

for the entire frequency band (or frequency intervals),
we can use the least-squares method after linearizing
the above equations in the required parameters I, @,
U, Dy, and Dp. We initially estimate the D-terms
to be zero, and use the values uncorrected for the
instrumental polarization as initial estimates of the
Stokes parameters:

1
Iy = §(L0+L90+L+45+L—45)’ (7)

Qo =Lo— Lgo, Up=Lys5—L_45.

In this case, the least-squares minimization reduces
to solving a system of linear algebraic equations
in the corrections to I, Q, U, D4, and Dpg. The
obtained corrections are applied to the parameters,
which then represent the initial estimates for the
next least-squares iteration; the process is repeated
until the required solution accuracy is achieved. For
a small number of spectral features, the problem of
simultaneously searching for I, Q, U, D 4, and Dp is
poorly constrained; therefore, in this case, it is more
expedient to find only D 4 and Dpg, and to estimate the
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POLARIZATION OBSERVATIONS OF THE OH MASER W75N

F,Jy 1665 MHz

21

| |
10 12 14 1

o0

618 _20—8 —6 -4-2

607

1667 MHz

%

|
214 16 18

|
10 1

o0

VLSR’ km/s

Fig. 1. (Contd.) Same as Fig. 1a for March 20, 2009.

Stokes parameters using the formulas

1
Iny1 = §(Lo + Loo + L5 + L_45) (8)

+ (DA,n - DB,n)(Un + Qn))
Qn—i—l = LO - L90 + (DA,n + DB,n)Urm

Unt1=Lyss — L_ss — (Dapn+ D pn)Qn.

This technique has been applied to Nangay spectra
of the linear polarization of OH maser sources (in
particular, here, to W75N). This has made it possible
to reduce the influence of instrumental effects on the
measured profiles of the Stokes parameters.

4. RESULTS

Figure 1 shows the resulting spectra of the Stokes
parameters for the 1665 and 1667 MHz lines to-
ward W75N for 2007—2009. Figure 2 shows flux-
density variations for the three spectral features that
displayed the strongest variability. The high degree of
both linear and circular polarization is obvious. We
observed a flare of the 1665 MHz maser feature at
Visr = —0.25 km/s. The flux density of this feature

ASTRONOMY REPORTS Vol.54 No.7 2010

began to increase between October 27 and November
17, 2007. In the spectrum for April 17, 2008, the peak
flux density of the feature reached 650 Jy (Fig. 1c). In
the spectrum for July 20, the flux density fell to 270 Jy,
increasing again to 506 Jy by September 16. By De-
cember 13, 2008, the flux density of the feature had
gradually decreased, and had fallen to 30 Jy by March
20, 2009. The features at +2 km/s (1665 MHz) and
+5.5 km/s (1667 MHz) varied synchronously, while
flux densities of other features remained virtually un-
changed. All three features again experienced a pow-
erful flare within a short time interval (before April 13,
2009): the feature at —0.25 km/s (1665 MHz) grew to
736 Jy, the feature at +2 km/s (1665 MHz) increased
from 43 to 310 Jy, and the feature at +5.5 km/s
(1667 MHz) from 8 to 27 Jy. Again, the intensities
of other features in the spectrum remained essentially
unchanged (Figs. 1h, 1i).

A flare of the 1665 MHz line in W75N also oc-
curred in 2003—2004 at Visg = 2 km/s, when the
flux density reached 800 Jy and W75N became for
some time the brightest OH maser in the sky [9,
12]. This flare, together with the two flares observed
by us in 2008—2009, could be related to the same
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Fig. 1. (Contd.) Same as Fig. 1a for April 13, 2009.

phenomenon, possibly the consecutive passage of an
MHD shock ifrom the central star across several dif-
ferent maser condensations. Strong flares in W75N
were also observed in the A =1.35 cm HO line
[30, 31].

We detected Zeeman splitting in the profile of
Stokes V' at Vigg = +5.5 km/s in the 1667 MHz
line, which appeared between March 20 and April 13,
2009. In our 1667 MHz profile, this feature approxi-
mately corresponds in radial velocity to the emission
feature “O” near VLA | on the map of W75N of Slysh
et al. [19]; the feature “M” at Vi sg = +8.65 km/s,
which formed a Zeeman pair with “O” [19], is absent
in our profile for April 13, 2009. Feature “O” displayed
strong circular polarization (m¢c = 0.925) in [19]. In
our observations, we found a relative shift of two
strongly circularly polarized o components in the V'
profile, with opposite signs and with m¢ = 0.5—0.7.
The splitting between the o components is 0.4 km/s.
According to (2), this splitting corresponds to a line-
of-sight component of the magnetic field of —1.1 mG
(the minus sign means that the component is directed
away from the observer). The high frequency reso-
lution of our observations enabled us to detect and

measure this small Zeeman splitting, which corre-
sponds to a magnetic field appreciably weaker than
that measured in W75N previously.

5. CONCLUSIONS

We have observed the maser emission in the 1665
and 1667 MHz OH lines from the high-mass star-
formation region in W75N at nine epochs in 2007—
2009 using the radio telescope of the Nang¢ay Radio
Astronomy Observatory. We have developed and ap-
plied a technique for correcting for the instrumental
polarization. The circular and linear (elliptical) po-
larization of the OH maser emission in W75N tes-
tifies to the presence in this star-forming region of a
magnetic field that is strong enough (of the order of a
few milligauss) to split the maser lines into separate
Zeeman components. The field may be enhanced by
compression of the circumstellar gas under the action
of the stellar wind from a young star (for instance, via
MHD shocks). During the 1.5 years of our observa-
tions, we observed two strong flares of maser features

at Visg = —0.25 and +2 km/s in the 1665 MHz line
and at +-5.5 km/s in the 1667 MHz line. Inspection of
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Fig. 2. Time dependence of the peak flux density for three OH spectral features in W75N.

the OH line profiles demonstrates that these features
also have the greatest degrees of polarization. Using
the splitting between the o components in the Stokes
V profile of the emission feature at V; sg = +5.5 km/s
in the 1667 MHz line, we have estimated the intensity
of the line-of-sight component of the magnetic field
to be —1.1 mG. A maser flare between March 20
and April 13, 2009 (Fig. 2) may be related to the
compression of material at a shock front.
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