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velocities for which no emission was detected by Nakai et al, (1993). Th
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2.2. Search for new extragalactic masers

In 1993 February we surveyed the nuclear regions of galaxies
that have 100zm flux densities greater than 20Jy. and galaxies
known to have compact nuclear structure, as well as selected
fields in M 31 and M 101. Nuclei were surveyed for niegamaser
emission and H 1T complexes in the latter two galaxies were sur-

veyed for emission similar to that associated with galactic star

forming regions. The goal of the survey was 1o expand the num-
ber of candidates for VLBI observation (i.c.. stronger than about
1Jyinalkm s~ ! line). With the 100-m Effelsberg antenna we
observed 296 fields in 42 galaxies for 99 hours (Table 1). We
amitted nuclei previously observed by Henkel et al. (1984) and

2 . o =
e channel spacing for the spectrum is0.66kms™".

npressed so as 1o omit
he flux calibrations
i — 8.2kms™". The radio

prominent H 1T complexes NGC 5471, NGC 5462, NGC 5401,
NGC 5455. and NGC 5447, Goss 1 (Israel et al. 1975), and H 47
(Hodge 1969).

3. Results

Our sample 100-m HyO maser spectrum displayed in Fig. |
shows the typical characteristics of both low and high-velocity
emission. There are a great many maser lines blended o form
the low-velocity complex. These werc found to be highly
time variable, with substantial fluctuations on time scales of
weeks. One light-week corresponds to an angular size of ~

0.190 milliarcseconds (mas), or 0.0059 pe, which is compara-
28 ' 2 LI A A1 1O0RY
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J == 1-0 have not been shown to be representative for maser
transitions involving other angular momenta. Examining this
issue is a primary goal of the calculation presented here.

In § II, we present the results of reformulating the treatment
of polarized maser radiation in the presence of magnetic fields
in a way that seems somewhat more conveniert for calcu-
lations with masing states having angular momenta greater
than J = 1 and 0. Calculations are then performed for the case
of small Zeeman splitting (spectral line breadths Ao > gQ)
(§ 11I). We emphasize that the idealizations in the physics that
are made in performing these calculations are completely
equivalent to those made previously (GKK) in calculations for
a J = 1-0 transition. The qualitative differences in the predict-
ed polarizations are due solely to the higher angular momenta
that are considered here. A discussion of the results is present-
ed in § IV. The emphasis is on obtaining asymptotic (with
intensity) solutions for the polarization which have served as
the benchmarks for the general character of maser radiation
gznerated in the presence of a magnetic field since they were
presented by GKK fora J = 1-0 transition.

II. BASIC EQUATIONS

Reformulating the calculation for the transfer of polarized
maser radiation to provide a systematic treatment of molecular
states with various angular momenta is straightforward but
tedious. The key generalization from previous work (GKK) is
in expressing the matrix elements of the electric dipole oper-
ator in terms of angular momentum (Clebsch-Gordon) coefi-
cients by utilizing the Wigner-Eckart Theorem. Only the result
is presented here though the detailed manipulations are given
in the Appendix. As in previous studies, we approximate the
radiative transport as one-dimensional. The maser amplifica-
tion is expected to favor strongly the maser rays with the
longest paths. For propagation of the maser radiation along
the z-axis, the equations for radiative transfer of the frequency
dependent Stokes parameters [ (@), Q(w), V(w), and U(w) are

o) A B F C\ [l
ilow| |B 4 E G| Q0
duw| \F —E 4 D||\U@|’

Vw) \C —G —D A/\V(o)

M

where

[, 0, U, V] =L " doll(), 0), U@), V@, @

for the entire spectral line are obtained by integrating over the
profile of the spectral line.

For the elements of the matrix in equation (1) that describes
the radiative transfer of the Stokes parameters, we have

M)l [ 4o, poty 4y e @20
ab b’
2 Paa 0t +YE@R* A% + (da—b)*dib]} , (3a)
B0 = i 3 [ao]3 patr + 12 A + @

— 2. Pl + yER)*dT + (d"-")*d‘i"]} ; (3b)

bk greatly simplidied For Laeman sPHHingilotine
1

DEGUCHI AND WATSON

Vol. 354

¢

Cle) = (~mofh) Y Jdv{g oyl 1Y — (@]
—;p,.,,(v‘:"+y‘i”)[(d’ft)*d‘i"—(dt")*d‘ib]}, (39
D)= ey, o] T s =0 + 2]
5 putt—rrES v}, G
Bl@) = (7ofch) T f dv{; sy — DY — (@]
e eS| M
Fl@)=(fmoojen) T jdv{g; T (]
- ; PasV + 77D — (d"—b)*dﬂb]} , '(3f)
)=~ S [aef 3 ptrt @D — (@)

e | SR

The indices a, @ and b, b’ designate the various magnetic
substates of the upper and lower molecular states, respectively,
of the maser transition. Frequency variations are expressed by

the
y‘_f = y‘;’(w, V)= {1“ sk i[a)ab — CU<1 = Z)]}—l > “

where fiw,, is the energy difference between states a and b
(including Zeeman splittings), and v is the component of the
molecular velocity along the direction of propagation. The p;;
(see Appendix) are elements of the density matrix for the
molecular states. Matrix elements d¥ are obtained by evalu-
ating the dipole moment operator

d:q;: z (—l)pdpép7 (5)

p=*x1

where 7 is the position operator, ¢ is the charge, and &, are unit
vectors for the two helicities relative to the direction of propa-
gation. Hence

= (ald,|b) . ©)

Equations (1) and (32)«(3g) together with equations (A39)
and (A40) are the basic equations to be solved. They are
even more complicated than they appear, since the pumping
rates [4; = A{v) in the Appendix], the resonance profiles y4 =
7% (w, v), and the elements of the density matrix p;; = p;{v) are

functions of velocity; y4 is a function of frequency as well.

III. LIMITING POLARIZATION FOR SMALL ZEEMAN SPLITTING

In the limit in which the characteristic Zeeman splitting gQ
is much less than the spectral line breadth Aw, the Zeeman
splitting can be ignored in the resonance profile y while it is
retained in the frequencies ®,, and oy, that appear in equa-
tions (A39) and (A40). In this regime there is only linear polar-
ization, since nothing is present to break the right/left circular
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equations and recognize that the amplitudes & (s,¢) and 2 (s, t) expressed as a function of the distance s along the direction of
propagation (the z’-axis) and defined by

E (s, t) = & (s, t) exp [—iwo(t — s/c)], (A15)
and
Pys, ) = 2,(s, 1) oxp [—iwolt — 5/0)] , (Al6)
are slowly varying in space and time. This yields (see GKK)
1Le @ 2niw,
(C a + ag)é" A8, 1) = = 2 (s, (A17)
and then
1@ @ 27iwy,
<z a + .a_s)[éap(épp’)*] =i —C_ ['@p(gp')* = (‘a]p’)*éop] o (AIS)
The polarization properties of the radiation can be expressed in terms of the (real) Stokes parameters
¢
['=o-(KE-62) +<6.61)), (A19)
c
V=3, KE-6%) (8. 67)), (A20)
and
Q—iU=—-—<(6_6%), (A21)
4n

where the angle brackets indicate time averages over the fluctuations of the system.
In order to examine the spectral dependence of the radiation, express the electric field as a Fourier integral

1 + o0

NEZR R

The assumption of a stationary system implies that the time averages,
CE(0)E} () = 2nF , (0)d(w — ') . (A23)

The polarization of the medium can also be expressed as a Fourier integral of the electric field and of the (vet to be determined)
frequency dependent susceptibilities y,,,{(w),

Efs, t) = E (w)e ™59 dgp (A22)

1
Pys, t)= Z \/2_n

Inserting equations (A22)-(A24) into equation (A18) along with equations (A15) and (A19){A21) yields the radiative transfer

equation (1) for the frequency-dependent Stokes parameters I(w), Q(w), V(w), and U(w).
In arriving at equation (1), we have ignored the fluctuations in y,,{(w) in obtaining the time averages. This will be discussed
subsequently in solving the equation of motion for the density matrix. The elements A-G of the matrix are dependent on frequency,

+ o
f LpADVE Aco)e ™€~ gy . : (A24)

A = Groflef, . =P +H-- —¥E) (A252)
B =mafef—p. - + 8% - = -+ + L), (A25b)
C =Grafef—y.+ + 15+ +0-- — %2}, (A25¢)
D =(—nafeips - + 1=+ f-+ + 45> (A25d)
E=(—n0fefxss + 15+ —1--—2x%2), (A25¢)
F=(=zafdfff:- + - =f-«=2%4)> (A25f)
and
G = (imaofeff=p. - + x5 -+ 0-+ =224 . (A25g)

The matrix elements A-G thus are real.
The polarizations and hence he susceptibilities are determined from the elements of the density matrix p for the molecular states.
These matrix elements are obtained by solving the equation of motion for the density matrix,

L GliNtp — pH)~Tp + A, (A26)
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3 as time independent,

apaa' ) 2 | )
,(] = ot =Ya 5aa’ 2 (r = lwaa')paa’ = (l/h) Z (I/ab Pba’ — Pab vaa’) . ) (A36)
b ] " .

the 4, (and 4,) are the elements of the diagonal pumping matrix A and the o, (and w,) are the energy differences(E, — E,)/h
[E, — Ey]/h) due to the interaction with the static magnetic field. The equations for the dp,,/0t are exactly analogous to

ion (A36).
»ym equations (A22), (A23), (A27), and (A33), the time averages of the terms in equation (A36) can be evaluated,

Vo Powy = ({/40) Y 2, Y, [; @, pys)* = Y. (Pwwr 45 *] JF,,,,,(w)yfi" do . (A37)
P P 2 a”

s is a similar equation for {p Vour- Substituting these into equation (A36) yields

0= '111 5aa’ == (r =+ iwaa’)paa’
+ 0 LT, 3| T @ oo = T o o] [Ftonrao
b p p b’ a’

+ (1/4h%) ; T @ty (; 4 Py — Y Paar da_"';,,) JFp.p(w)yT dw (A38)

I

nilar equation holds for pyp-.
terms of the Stokes parameters, equation (A38) becomes

o,

) = Ay b — (T + 004 )Par + @/CH?) 3, Py jdw @™ + yD{I(@)[(@)*dY + (@)*d?] - Q)[[@=)*d? + [@X)*d¥]
bb’

— iU(@)[(@)*d? — @)*dY] + V(@)[[@%)*d? — (@)*d? 7} — (n/ch?) bZ Paa de P (@) [d%d5)* + d2@dZ")*]
— Q@)[dPdL* + déf’(d‘i"b)*] + iU(0)[d2(@d<y* — d2@s)*] + V(w)[d‘i’(d:«fb)* — d2@=y* 1}

— (Wfch®) Y, Paar J doy{I(@)[(dP)*d5? + @2)d2"] - Q@)[(@)*d= + (d77)*d%"]

= iU(w)[(Z:’i")*d"-"" _ (@y*d%] + V(eLE5yrdy — @) (A39)
; analogous equation for the lower state is

0 = Ay By — (T + i0p)o + (X/Ch?) X, Pua fdw G5 + ¥ I(@)[dPdY + @0)*d?] — Q(@)([@)*d? + ([dX)*dY]

_ U@ — @] + Vie)[@¥ydy — (@by*d T} — (mfch?) Zb Py [dw Y2 {H@)(d2)*dY + (@)*d]

o

— Q@)[[@dDy*d? + (@2)*dY] - U(@)[(@2)*d® — @2*d%] + V@ — (@®y*d*']

— (~/ch®) 3. Poyr de PI@EY Y + @2d?] ~ Q@)@ )*d? + (d2)*d¥]
=

V@)@ — @] + V)@Y — @2)*d} . (A40)
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