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We report the discovery of the Zeeman effect in the 36 GHz aedid GHz Class | methanol
maser lines. The observations were carried out with the Bopd Very Large Array (EVLA)
toward the star-forming regions M8E (at 36 GHz) and OMC-24étGHz). The detected line of
sight magnetic field values are31.3+ 3.5 mG and 2@ + 3.5 mG to the northwest and southeast
of the maser line peak in M8E, respectively, and4t81.1 mG toward the peak of the maser
line in OMC-2. The detected fields are comparable and areigoifisantly different from those
measured in the 6.7 GHz Class Il methanol maser line towdrer atar forming regions. This
indicates that methanol masers may trace the large scaleatiadjeld, or that the magnetic field
remains unchanged during the early evolution of star fogmegions.
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1. Introduction

Magnetic fields likely play an important role in the star formation process (g].afd ref-
erences therein). The nature of this role is not yet clear, howeveragly due to the scarcity of
observational data on magnetic fields in star forming regions. The Zeefieah refmains the most
direct method for measuring magnetic field strengths (glg., [2]). Obsemgaticthe Zeeman effect
in H | and OH thermal lines have revealed the strength of the magnetic field inwiee tensity
envelopes of molecular clouds (e.g], [3]). Observations of the Zeerfest &f H,O masers, on the
other hand, offer a window into magnetic fields in the highest density regiors10° cm2) of
star forming regiong[4] 5].

Interstellar masers, being compact and intense, are extremely effemivespof young star
forming regions. Recently, Vlemmings (2004] [6] carried out the firsteyatic study of the
Zeeman effect in the 6.7 GHz methanol maser line. Such (6.7 GHz) masersaangles of Class
Il methanol masers, which are known to be probes of the early phaseghofmass star forming
regions. Yet another class of masers, namely Class | methanol masergrob&yeven earlier
phases of star forming regionid [7]. This appears to be the case fotathiosning regions M8E
and OMC-2.

2. Observations and Data Reduction

Observations of the 4 — 3; methanol maser emission line at 36 GHz in M8E were carried
out using the Expanded Very Large Array (EVLA) of the NRAM two 2 hr sessions on 2009
July 9 and 25. Thirteen EVLA antennas equipped with the 20 GHz (Ka-band) receivers were
used in these observations. The observations of §re6fA™ methanol maser emission line at 44
GHz in OMC-2 were carried out using 22 EVLA antennas in two 2 hr sessiorOctober 25 and
November 25, 2009. Various observational parameters are listed in Table

The sources 3C286 (J138B030) and 3C147 (J05421951) were used to set the absolute flux
density scales, while the compact sources J17AED4 and JO6070834 were used as amplitude
calibrators in the 36 and 44 GHz observations, respectively.

The editing, calibration, Fourier transformation, deconvolution, andgssiag of the data
were carried out using the Astronomical Image Processing System JAiPBe NRAO. After
applying the amplitude gain corrections using the respective calibrataresoir each observation,
the spectral channel with the strongest maser emission signal in eade seas split, then self-
calibrated in both phase and amplitude in a succession of iterative cyclesfingth phase and
amplitude solutions were then applied on the full spectral-imalata set, and StokdsandV
image cubes were made, and used for the magnetic field measurements.

3. Analysis

For cases in which the Zeeman splittihg; is much less than the line widtkv, the magnetic
field can be obtained from the StoRéspectrum, which exhibitsscaled derivative of the Stoke$

1The National Radio Astronomy Observatory (NRAO) is a facility of the NatldBcience Foundation operated
under cooperative agreement by Associated Universities, Inc.
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spectrum[[B]. Here, consistent with AIPS conventidns (RCP+LCP)/2, and/ = (RCP-LCP)/2;
RCP is right- and LCP is left-circular polarization incident on the antennhsreavRCP has the
standard radio definition of clockwise rotation of the electric vector whewedealong the di-
rection of wave propagation. Since the observedpectrum may also contain a scaled replica
of thel spectrum itself, the Zeeman effect can be measured by fitting the Stogpsctra in the

least-squares sense to the equation
b di

V =al + > (3.1)

[B, [L4]. The fit parametea is usually the result of small calibration errors in RCP versus LCP, and
is expected to be small. In these observati@ansas of the order of 10* or less. While eq. 3.1 is
strictly true only for thermal lines, numerical solutions of the equations aatae transfer (e.g.,
[L3]) have shown that it gives reasonable values for the magnetic fieldasers also. In eq. 3.1,
the fit parameteb = zB cos@, wherezis the Zeeman splitting factor (Hz m@), B is the magnetic
field, and@ is the angle of the magnetic field to the line of sighf[12]. Following the treatment of
Vlemmings (2008) for the Zeeman splitting of 6.7 GHz methanol masers, weedbevZeeman
splitting factor using the Larelg-factor based on laboratory measurements of 25 GHz methanol
masers[[43], and find = 1.7 Hz mG* for 36 GHz, andz = 1.0 Hz mG! for 44 GHz methanol
masers. While this will likely introduce a systematic bias into the magnetic field regsuéisjains

the best possible estimate pending laboratory measurements of the 36 ahit 4daGer lines.

4. Results & Discussion

To demonstrate our detection of the Zeeman effect in the 36 GHz Class | rakthaser line
toward M8E, we display the StokésandV profiles toward two positions in this source in Fig. 1;
the two positions are to the northwest and southeast of the maser line pdag. 2, we show the
Stoked andV profiles toward the peak emission region of the 44 GHz Class | methanol fimeser
toward OMC-2.

As described in the previous section, we determined magnetic fields by fittingtofkesV
spectra in the least-squares sense using equation 3.1. Using the Zedthag fgrtorz= 1.7 Hz
mG~! we derivedB),s = —31.3+ 3.5 mG for the northwest position of M8E, and.2@& 3.5 mG
for its southeast position. By convention, a negative valudfarindicates a field pointing toward
the observer. Meanwhile, in OMC-2, we used 1.0 Hz mG * and derivedB,s = 184+ 1.1 mG.

In M8E, the line-of-sight magnetic field has opposite signs at the two positanshich
Stokesl andV profiles are shown in Fig. 1, with values ef31.3 mG and 20.2 mG, respectively.
The observed change in the signBys at these two positions, together with a slight asymmetry in
the maser line profiles at each position, indicates that we are observirastti® masers that are
very close in position and velocity. The masers are marginally resolved i@-@anfiguration ob-
servations, otherwise the opposite magnetic fields would sum to zero. EVIbA/&-configuration
observations will be necessary to fully resolve the maser component®bBleeved change in sign
of Bjps OCcurs over a size scale of §.8qual to 1300 AU (assuming the distance to M8E is 1.5 kpc).
This may mean that the clumps where the 36 GHz maser is being excited come fratifferent
regions where the field is truly different. Alternatively, it may mean that tHd fiees curve across
the region in which the masers are being excited, so that the line-of-sightrieed by one maser
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Figure 1: Stokes | (top-histogram) and V (bottom-histogram) profdéthe maser toward the (a) northwest
and (b) southeast of the 36 GHz Class | methanol maser linke ipeI8E. The curve superposed on V
in each of the lower frames is the derivative of | scaled by lae®f Bj,s = —31.3+ 3.5 mG in (a), and
Bios =20.2+3.5 mG in (b).

is pointed toward us, whereas that traced by the other maser is pointedranways. For more
details on the discovery of the Zeeman effect in the 36 GHz Class | methanet fimestoward
MS8E, we refer to the article by Sarma & Momijian (200D)][14].

Our detected) s values in the 36 GHz and 44 GHz Class | methanol maser lines toward M8E
and OMC-2 are similar to the values obtained in the 6.7 GHz Class Il methanol limeseward
other sources[]6]. Vlemmings (2008) detected significant magnetic fieldsiGBz methanol
masers with the 100 m Effelsberg telescope in 17 sources, with an awedageof 23 mG. Since
Class | and Class Il methanol masers trace different spatial regiongnthyisndicate that the
magnetic field is the same over the extent of these two regions, giving rise posséility that
methanol masers trace the large-scale magnetic field in the star forming régtematively, if
Class | masers occur in the very early stages of star formation (befoferthation of an ultra-
compact Hi region), and Class Il masers occur later on, the similariéafor these two classes,
if true, may indicate that the magnetic field strength remains the same during thatages of
the star formation process. Certainly, more observations are necessaegially in regions where
both Class | and Class Il masers are known to occur, in order to adifregsossibilities noted
above.
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Figure 2. Stokes | (top-histogram) and V (bottom-histogram) profééshe maser toward the peak of the
44 GHz Class | methanol maser line in OMC-2. The curve sugagon V in each of the lower frames is
the derivative of | scaled by a value Bf,s = 184+ 1.1 mG.

Parameter MBE OMC-2

Observation Dates 2009 July 9 & 25 2009 October 25 & November 25
Configuration C D

R.A. of field center (J2000) 18:04:53.3 05:35:27.66

Decl. of field center (J2000) —24:26:42.0 —05:09:39.6

Total Bandwidth 1.56 MHz 1.56 MHz

No. of channels 256 256

Channel Spacing 0.05 kms 0.04km st

Total Observing Time 4 hr 4 hr

44.069488 GHz
11.6 kms1t

36.16929 GHz
11.2 ks

Rest Frequency
Target source velocity

Table 1. Parameters of the EVLA Observations
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