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Uniqueness of Inversion
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Pumping Cycles
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General Recepe: Look for TWO temperatures!

Energy Reservoirs:
* radiation (star; dust)
* collisions (maxwellized gas; streams)

* chemical processes (ionization; dissociation; dust coat sublimation...)
o o
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Fig. 2. Pumping cycles of 6;5-5;3 maser of ortho-water at R=6.9x10'® ! . L

cm for the case of M= 3X10®Me yr~*, Tx=2000K and Tk°
=Ty/1.4. The population flow rates are normalized to the 6,5-5.3
maser flow rate. The cycles which do not lead to the population
inversion are not shown.

FIG, 2. Typical maser pump cycles by the transitions 4., = 3, (for Sgr
B2) and 6, - 6 (for OMC 1),



Sobolev & Deguchi (1994)

15 LS 2 L B N B L B

L g -

o' — R/C=2.8*10"°, R/(I+C)=1.7*10""

10 '« — R/C=177, R/(I'+C)=5.4 .

Fa(7)

i /\/tll\erugh 3_1—4.% By
0;%’111||l|1m. L %
0 5 10 15 20 25 30 35 40
I

FiG. 2—Contributions of pump cycles with different numbers of links, n, to
the maser flux of the 2,-3_,E transition in Class IT methanol masers with
different saturation degrees. The curve for low saturation degree is marked by
open circles. That for high saturation degree is marked by dots. Contributions
of the cycles which pass through the link 3_, — 4 _,**E in the highly saturated
case are shown separately. The double asterisk marks the level of the second
torsionally excited state.



Gray (2007)
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Figure 2. Principal pumping routes for the 1665-MHz maser under the
conditions of Table 2. Energy levels are numbered following the scheme in
Table 1, and are marked with a parity assignment (4 or —). Energy gaps be-
tween levels are not drawn to scale. Route | transitions are shown in black:
additional transitions appearing in Route 2 are drawn in blue, and further
additions from Route 3 are shown in red. Transitions appearing from an
‘A’ subroute are marked with the solid lines, those from a B’ subroute are
marked with the dashed lines, those froma ‘C’ subroute are marked with the
dotted lines. For simplicity, only the forward (pumping) routes are shown
for each antagonistic pair, and transitions appearing in more than one route
are drawn only once. A solid arrowhead indicates a transition allowed for
electric dipole radiation: a hollow arrowhead indicates a radiatively forbid-
den transition in which population transfer can be considered to proceed via
collisions only.



Energy Drain in CCr Pumping of H20
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Thermalization

Two-level System:
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Strelnitski et al. (1996)




Estimates of the Pump Power

1y €Xp (—EV/kTV) AV RRv:

n,AP ~
1 RRyv T‘(;\/Tl' ln (7‘6/2) Litvak (1969)

APgey ~ nuqii[exp (- E/kT) — exp (—Ev/kTg)l  pcy.
< nuqti [exp (—Ey/kTy) — exp (—Ey[kTy)], Goldreich & Kwan (1974)

AP o qr Er TH — Te CCr:
CCr ™~ Mede kT, Ty Strelnitski (1982)



Saturation

R = By o1 <<TI'tC AN, ~ (Unsaturated inversion)
r+c¢
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B34

Saturation results in:

* Linear intensity growth

= The rule of “1 maser photon per pumping cycle”




Observational Requirements for the Pump Power
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Hydrogen Masers and Lasers
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TABLE 6

bn (CASE B)
T,
" 5,000° 10,000° 20,000°
4o,booo° 80,booo°
b bn b by b by 14-State " "
n (Cilli¢) no | (Cillié) | (Cillié) b,

Baker & Menzel (1937) 3. 0.0098| 0.0120| 0.089 | ©0.11I | 0.330 | 0.409 | 0.420 | 0.670 | 1.304
4...... .0406| .0448 .188 . 404 .453 .466 .729 | 1.108
Sevrenn .0840| .0878 .251 . 460 . 494 5IO .743 | 1.0653
6...... .132 LI3I .208 .5I2 .520 .538 .773 | 1.045
Toouunn .173 .166 .333 .550 .538 .558 789 | 1.036
8. ..... 211 .195 .357 .577 .547 .568 .802 | 1.032
Q... .244 .218 .373 .600 .5490 .570 .816 | 1.031
IO...... .271 | 0.236 0.383 .620 [ 0.545 | 0.565 .825 | 1.030
I5...... .371 .676 .853 | 1.027

20...... .428 713 .871 | 1.025
25...... .464 .736 .882 | 1.024
30...... 0.486 0.750 0.893 | 1.024

All the transitions above n=5
are inverted!

ment is insensitive to temperature. In view of the extreme physical conditions that
exist in nebulae, the partition of atoms among the various excited levels approaches

surprisingly close to the thermodﬂamic value.
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Polarization

Goldreich, Keeley & Kwan (1973; GKK) :

1-D maser; magnetic field B; J=1-0 transition; isotropic pumping
4 key parameters with dimension frequency:
Aw - bandwidth of radiation;
g(2 - Zeeman splitting
g - Landé g value for the upper state
() = eBy/mc - girofrequency

I' - population decay rate

R - stimulated emission rate



Watson & Wyld (2001)
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Circular Polarization of H,O Masers Ve g2 ;
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Fig. 3. Total power (/) and V-spectra (Tgyc~Tyyc) for selected sources (Table 1). Fits of synthetic V-spectra to the main (Gaussian) velocity
component are superimposed (see Sect. 2). Note that due to differential beam coupling and hence small gain differences, scaled-down replicas of nearby
total power lines show-up in the W3(2) V-spectrum



Non-magnetic Explanation of Linear Polarization
Competition between intersecting rays of a saturated maser in non-
spherical media and/or media with velocity gradients + lack of axial
symmetry along the line of sight causes linear polarization. (Western

&Watson, 1983)

Non-magnetic Explanation of Linear Polarization

Anisotropic pumping of an unsaturated maser (e.g. Ramos &
Degl’ Innocenti, 2005)

Non-Zeeman Explanation of Circular Polarization
Change of the quantization axis from the direction of the MF to the
direction of propagation with the increasing R, when R ~ ¢Q (‘Intensity-
dependent polarization”) (Nedoluha & Watson, 1994 )

Non-Zeeman Explanation of Circular Polarization

(Observed) linear polarization + variations of the orientation of magnetic
field along the line of sight (Wiebe & Watson, 1998)

When B is “unusually” high,
think of the above possibilities!




Reviews on astrophysical maser polarization:

Watson W.D. 2009, Rev.MexAA (Serie de Conferencias), 36, 113

Elitzur, M. 2002, 2007: Reviews at the Brazil and Australia Maser
Symposia



Some Prospects

Methods of Extraction of the principal pumping cycles
More work on “spooks” versus “things” dilemma
Probing turbulence in H20 fountains

More work on theory of polarization

Theory of cyclotron masers

Recombination lines on Sun



