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Motivation
• CMB can be observed from the 

ground

• Is atmosphere a polarized foreground?

• Because of his electronic structure, 
O2 is the main polarized contaminant

• Zeeman lines are purely polarized

• Potential non negligible instrumental 
leakage {V}         {Q, U}

•  0.1% conversion may lead to signal 
comparable to primordial Q, U 
(Hanany & Rosenkranz, 2003)
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and Schawlow (1955); we follow the notation of
Townes and Schawlow, which is more prevalent in
the literature.) For the typical strength of the
Earth!s magnetic Þeld, the frequency shift of the
transitions due to the Zeeman splitting is on
the order of 1 MHz.

For simplicity we will focus our attention on the
118.8 GHz line, although our analysis is valid for
all of the oxygen lines. In the presence of a mag-
netic Þeld theðN ; JÞ ¼ ð1; 1Þ state is split into three
states, anM ¼ $1, 0, and +1 states ordered in in-
creasing energy, as shown in Fig. 3. The transition
with DM ¼ 0 is called the p transition and the
transitions with DM ¼ %1, whereDM ¼Mlow energy$
Mhigh energy, are called r%. These transitions are
100% polarized and their intensity and the orien-
tation of the polarization is determined by the an-
gle between the line of sight and the magnetic Þeld
direction. When the line of sight is perpendicular
to the magnetic Þeld the twor lines are linearly

polarized both in the same direction and parallel to
the direction of the magnetic Þeld, and thep line is
linearly polarized perpendicular to the Þeld. When
the line of sight is parallel to the magnetic Þeld, the
p line completely disappears and the twor lines are
circularly polarized in opposing orientations. A
more detailed discussion of intermediate cases is
given by Lenoir (1968). Radiation propagating
through the atmosphere at frequencies near 120
GHz (or near any other oxygen line) will become
polarized because of differential polarized absorp-
tion and emission by ther and p lines.

2.1. Order of magnitude estimate

It is not difficult to give an order of magnitude
estimate of the polarized intensity of the 118 GHz
oxygen line in emission due to the Zeeman split-
ting. Since we are mainly interested in frequencies
at which the atmosphere is not opaque, we can
neglect Doppler broadening. We further assume
that the line proÞle is collisional with no mixing,
that is Lorenzian. For the 118 GHz line this as-
sumption is valid because the relative strength of
the three Zeeman components changes both with
polarization and viewing geometry. Any mixing
between two transitions is reciprocal in the sense
that it acts oppositely on them, and isolation of
one transition would imply a non-physical line
shape, such as negative absorption. One Zeeman
component cannot couple to another component
that might disappear to a different observer. It can
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Fig. 2. (a) The energy and spin conÞguration of the 12 valence
electrons of the oxygen molecule in its ground state. The two
highest energy electrons, which are in the 2pg orbital, have their
spins parallel giving a net spinS ¼ 1 to the molecule. The lower
energy orbitals, which are in decreasing order the 1pg; 3rg; 2ru;
and 1rg, and the four inner shell electrons (not shown) give a net
spin of zero. (b) The Þrst two rotational energy levels,N¼ 1 and
3, of the oxygen molecule in the electronic and vibrational
ground state. TheN and J pairs give the rotational and total
angular momentum quantum numbers. The numbers near the
arrows give the frequency of the transition in GHz. The Zeeman
splitting is not shown.
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Fig. 3. Zeeman splitting of the ðN ; JÞ ¼ ð1; 1Þ energy level to
three levels in the presence of a magnetic Þeld. TheDM ¼ 0
transition is calledp and theDM ¼ %1 transitions are calledr%,
whereDM & M–M 0.
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the three Zeeman components changes both with
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highest energy electrons, which are in the 2pg orbital, have their
spins parallel giving a net spinS # 1 to the molecule. The lower
energy orbitals, which are in decreasing order the 1pg; 3rg; 2ru;
and 1rg, and the four inner shell electrons (not shown) give a net
spin of zero. (b) The Þrst two rotational energy levels,N # 1 and
3, of the oxygen molecule in the electronic and vibrational
ground state. TheN and J pairs give the rotational and total
angular momentum quantum numbers. The numbers near the
arrows give the frequency of the transition in GHz. The Zeeman
splitting is not shown.
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• Each rotational state (J,MJ) is split in 2J+1 states

• Polarized radiation intensity modeled with 
coherency matrices and Fermi Golden rule
   

•        Zeeman lines have different polarizations

• Total coherency matrix can be easily computed

Polarized signal modeling

I ∆MJ (S,L,MJ) = Ptrans,∆MJ (S,L,MJ)! ∆MJ

2 S. Spinelli et al.

and (Finelli & Galaverni 2009); coupling between photons
and pseudoscalar fields in presence of intergalactic magnetic
fields (Agarwal et al. 2008); coupling between photons and
vector fields to test Lorentz-invariance violating processes
(Alexander et al. 2009). Authors, in all of these cases, show
how a fundamental process induces optical activity in the
Intergalactic Medium. In fact, the extensions of the stan-
dard lagrangian generate new terms in Maxwell’s equations
(see eq. 3 in Harari & Sikivie (1992)), therefore leading to
modified dispersion relations. We have to mention also the
possibility of having a V -mode induced by last-scattering
in a magnetized primordial plasma (see Giovannini (2009,
2010)) and, after recombination, by intergalactic magnetic
fields through Faraday conversion (Cooray et al. 2003).

It is likely that, with increasing theoretical motivations,
a dedicated experiment will be proposed in the near future to
update the very early upper limits obtained by Lubin et al.
(1983) and Partridge et al. (1988). The present work has
been prepared also in this spirit.

In section 2 the basic physics of the process is presented,
while in section 3 the tensor radiative transfer approach used
to compute the atmospheric integrated signal is described.
The analysis is applied to different sites: Dome C (Antarc-
tica), South Pole, Atacama (Chile), Testa Grigia (Italian
Alps), where mm-wave instruments are located. Results are
reported in section 4. We compare the effect in different
places and define the optimal observation bands in order to
minimize the effect from this contaminant.

2 POLARIZED SIGNAL THEORY

O2 is the only abundant atmospheric molecule with non-zero
magnetic dipole moment, because the two electrons in the
highest energy state couple with parallel spin. The presence
of polarized radiation in the atmosphere is associated with
the interaction of the magnetic dipole moment of the O2

molecule and the Earth magnetic field. In the millimeter
wave region of the electromagnetic spectrum, O2 molecule
presents a set of lines due to roto-vibrational transitions.
The presence of the Earth magnetic field induces Zeeman
splitting on these lines, which then become polarized.

Because of the Zeeman effect a quantum state repre-
sented by the quantum number J is split in 2J + 1 states,
each of them described by a different value of MJ , under the
condition |MJ | ! J . The selection rules permit the follow-
ing transitions, ∆J = +1 (called L+) and ∆J = −1 (called
L! ):

∆J = +1 : J = L → J = L+ 1 (L+)
∆J = −1 : J = L → J = L− 1 (L! )

Under these conditions, selection rules permit to have
∆MJ = 0 (π transitions) and ∆MJ = ±1 (σ± transitions).
In Table 1 we report the frequencies of O2 roto-vibrational
transitions allowed by the Fermi Golden Rule and used for
our calculation, together with their corresponding quantum
number (L±). We stop to L± = 37 because of lack of in-
formation about the line broadening and mixing parameters
(see Liebe et al. (1992)) of higher orders. We also verified the
effect of adding lines with L± > 37: far from the transition
frequencies the difference is negligible (∆V /V < 10! 5).

Table 1. Line frequency and corresponding quantum number L ±

used for the computation of the atmospheric O2 polarized signal.

L ± νt(L ! ) (GHz) νt(L +) (GHz)

1 118.750343 56.264777
3 62.486255 58.446580
5 60.306044 59.590978
7 59.164215 60.434776
9 58.323885 61.150570

11 57.612480 61.800155
13 56.968180 62.411223
15 56.363393 62.997977
17 55.783819 63.568520
19 55.221372 64.127777
21 54.671145 64.678898
23 54.130002 65.224065
25 53.595751 65.764744
27 53.066908 66.302082
29 52.542392 66.836820
31 52.021405 67.369589
33 51.503339 67.900867
35 50.987728 68.431005
37 50.474204 68.960312

Radiation intensity and polarization direction are also
determined by the angle (θ) between the line of sight and
the Earth magnetic field. We must define a reference sys-
tem onto which the vector E of the electromagnetic wave is
projected. A good choice is the 3D geomagnetic system (see
Lenoir (1968)) centered at the geographic Earth center: z
axis correspondes to the geomagnetic dipole axis and angles
ψm and φm identify the geomagnetic latitude and longitude
respectively. Matrix representing the polarized intensity I
can be evaluated through the coherence matrix (! ) for the
different transitions:

I∆MJ
(S,L,MJ ) = Ptrans,∆MJ

(S,L,MJ ) ! ∆MJ
,

In this reference frame the matrices for the three different
transitions become:

∆MJ = −1 : ! σ
−

=

(

1 i cos θ
−i cos θ cos2 θ

)

(1)

∆MJ = +1 : ! σ+
=

(

1 −i cos θ
i cos θ cos2 θ

)

(2)

∆MJ = 0 : ! π =

(

0 0
0 sin2 θ

)

, (3)

where Ptrans denotes the transition probability for the line
identified by the quantum numbers (S,L, J,MJ ) and fix
their relative intensity. Equations (1) - (3) show that σ!

and σ+ lines produce circular polarization, due to the off-
diagonal terms in the matrices. Besides the combination of
the three transitions generate also a small fraction of linear
polarization.

The total coherence matrix Atot can be derived by ex-
pressing the whole contribution given by the superposition
of the different lines:

! ±, "

Atmosphere modeling 3
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• Each rotational state (J,MJ) is split in 2J+1 states

• Polarized radiation intensity modeled with 
coherency matrices and Fermi Golden rule
   

•        Zeeman lines have different polarizations

• Total coherency matrix can be easily computed

Polarized signal modeling

I ∆MJ (S,L,MJ) = Ptrans,∆MJ (S,L,MJ)! ∆MJ

2 S. Spinelli et al.

and (Finelli & Galaverni 2009); coupling between photons
and pseudoscalar fields in presence of intergalactic magnetic
fields (Agarwal et al. 2008); coupling between photons and
vector fields to test Lorentz-invariance violating processes
(Alexander et al. 2009). Authors, in all of these cases, show
how a fundamental process induces optical activity in the
Intergalactic Medium. In fact, the extensions of the stan-
dard lagrangian generate new terms in Maxwell’s equations
(see eq. 3 in Harari & Sikivie (1992)), therefore leading to
modified dispersion relations. We have to mention also the
possibility of having a V -mode induced by last-scattering
in a magnetized primordial plasma (see Giovannini (2009,
2010)) and, after recombination, by intergalactic magnetic
fields through Faraday conversion (Cooray et al. 2003).

It is likely that, with increasing theoretical motivations,
a dedicated experiment will be proposed in the near future to
update the very early upper limits obtained by Lubin et al.
(1983) and Partridge et al. (1988). The present work has
been prepared also in this spirit.

In section 2 the basic physics of the process is presented,
while in section 3 the tensor radiative transfer approach used
to compute the atmospheric integrated signal is described.
The analysis is applied to different sites: Dome C (Antarc-
tica), South Pole, Atacama (Chile), Testa Grigia (Italian
Alps), where mm-wave instruments are located. Results are
reported in section 4. We compare the effect in different
places and define the optimal observation bands in order to
minimize the effect from this contaminant.

2 POLARIZED SIGNAL THEORY

O2 is the only abundant atmospheric molecule with non-zero
magnetic dipole moment, because the two electrons in the
highest energy state couple with parallel spin. The presence
of polarized radiation in the atmosphere is associated with
the interaction of the magnetic dipole moment of the O2

molecule and the Earth magnetic field. In the millimeter
wave region of the electromagnetic spectrum, O2 molecule
presents a set of lines due to roto-vibrational transitions.
The presence of the Earth magnetic field induces Zeeman
splitting on these lines, which then become polarized.

Because of the Zeeman effect a quantum state repre-
sented by the quantum number J is split in 2J + 1 states,
each of them described by a different value of MJ , under the
condition |MJ | ! J . The selection rules permit the follow-
ing transitions, ∆J = +1 (called L+) and ∆J = −1 (called
L! ):

∆J = +1 : J = L → J = L+ 1 (L+)
∆J = −1 : J = L → J = L− 1 (L! )

Under these conditions, selection rules permit to have
∆MJ = 0 (π transitions) and ∆MJ = ±1 (σ± transitions).
In Table 1 we report the frequencies of O2 roto-vibrational
transitions allowed by the Fermi Golden Rule and used for
our calculation, together with their corresponding quantum
number (L±). We stop to L± = 37 because of lack of in-
formation about the line broadening and mixing parameters
(see Liebe et al. (1992)) of higher orders. We also verified the
effect of adding lines with L± > 37: far from the transition
frequencies the difference is negligible (∆V /V < 10! 5).

Table 1. Line frequency and corresponding quantum number L ±

used for the computation of the atmospheric O2 polarized signal.

L ± νt(L ! ) (GHz) νt(L +) (GHz)

1 118.750343 56.264777
3 62.486255 58.446580
5 60.306044 59.590978
7 59.164215 60.434776
9 58.323885 61.150570

11 57.612480 61.800155
13 56.968180 62.411223
15 56.363393 62.997977
17 55.783819 63.568520
19 55.221372 64.127777
21 54.671145 64.678898
23 54.130002 65.224065
25 53.595751 65.764744
27 53.066908 66.302082
29 52.542392 66.836820
31 52.021405 67.369589
33 51.503339 67.900867
35 50.987728 68.431005
37 50.474204 68.960312

Radiation intensity and polarization direction are also
determined by the angle (θ) between the line of sight and
the Earth magnetic field. We must define a reference sys-
tem onto which the vector E of the electromagnetic wave is
projected. A good choice is the 3D geomagnetic system (see
Lenoir (1968)) centered at the geographic Earth center: z
axis correspondes to the geomagnetic dipole axis and angles
ψm and φm identify the geomagnetic latitude and longitude
respectively. Matrix representing the polarized intensity I
can be evaluated through the coherence matrix (! ) for the
different transitions:

I∆MJ
(S,L,MJ ) = Ptrans,∆MJ

(S,L,MJ ) ! ∆MJ
,

In this reference frame the matrices for the three different
transitions become:

∆MJ = −1 : ! σ
−

=

(

1 i cos θ
−i cos θ cos2 θ

)

(1)

∆MJ = +1 : ! σ+
=

(

1 −i cos θ
i cos θ cos2 θ

)

(2)

∆MJ = 0 : ! π =

(

0 0
0 sin2 θ

)

, (3)

where Ptrans denotes the transition probability for the line
identified by the quantum numbers (S,L, J,MJ ) and fix
their relative intensity. Equations (1) - (3) show that σ!

and σ+ lines produce circular polarization, due to the off-
diagonal terms in the matrices. Besides the combination of
the three transitions generate also a small fraction of linear
polarization.

The total coherence matrix Atot can be derived by ex-
pressing the whole contribution given by the superposition
of the different lines:

! ±, "
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• Each rotational state (J,MJ) is split in 2J+1 states

• Polarized radiation intensity modeled with 
coherency matrices and Fermi Golden rule
   

•        Zeeman lines have different polarizations

• Total coherency matrix can be easily computed

Polarized signal modeling

I ∆MJ (S,L,MJ) = Ptrans,∆MJ (S,L,MJ)! ∆MJ

2 S. Spinelli et al.

and (Finelli & Galaverni 2009); coupling between photons
and pseudoscalar fields in presence of intergalactic magnetic
fields (Agarwal et al. 2008); coupling between photons and
vector fields to test Lorentz-invariance violating processes
(Alexander et al. 2009). Authors, in all of these cases, show
how a fundamental process induces optical activity in the
Intergalactic Medium. In fact, the extensions of the stan-
dard lagrangian generate new terms in Maxwell’s equations
(see eq. 3 in Harari & Sikivie (1992)), therefore leading to
modified dispersion relations. We have to mention also the
possibility of having a V -mode induced by last-scattering
in a magnetized primordial plasma (see Giovannini (2009,
2010)) and, after recombination, by intergalactic magnetic
fields through Faraday conversion (Cooray et al. 2003).

It is likely that, with increasing theoretical motivations,
a dedicated experiment will be proposed in the near future to
update the very early upper limits obtained by Lubin et al.
(1983) and Partridge et al. (1988). The present work has
been prepared also in this spirit.

In section 2 the basic physics of the process is presented,
while in section 3 the tensor radiative transfer approach used
to compute the atmospheric integrated signal is described.
The analysis is applied to different sites: Dome C (Antarc-
tica), South Pole, Atacama (Chile), Testa Grigia (Italian
Alps), where mm-wave instruments are located. Results are
reported in section 4. We compare the effect in different
places and define the optimal observation bands in order to
minimize the effect from this contaminant.

2 POLARIZED SIGNAL THEORY

O2 is the only abundant atmospheric molecule with non-zero
magnetic dipole moment, because the two electrons in the
highest energy state couple with parallel spin. The presence
of polarized radiation in the atmosphere is associated with
the interaction of the magnetic dipole moment of the O2

molecule and the Earth magnetic field. In the millimeter
wave region of the electromagnetic spectrum, O2 molecule
presents a set of lines due to roto-vibrational transitions.
The presence of the Earth magnetic field induces Zeeman
splitting on these lines, which then become polarized.

Because of the Zeeman effect a quantum state repre-
sented by the quantum number J is split in 2J + 1 states,
each of them described by a different value of MJ , under the
condition |MJ | ! J . The selection rules permit the follow-
ing transitions, ∆J = +1 (called L+) and ∆J = −1 (called
L! ):

∆J = +1 : J = L → J = L+ 1 (L+)
∆J = −1 : J = L → J = L− 1 (L! )

Under these conditions, selection rules permit to have
∆MJ = 0 (π transitions) and ∆MJ = ±1 (σ± transitions).
In Table 1 we report the frequencies of O2 roto-vibrational
transitions allowed by the Fermi Golden Rule and used for
our calculation, together with their corresponding quantum
number (L±). We stop to L± = 37 because of lack of in-
formation about the line broadening and mixing parameters
(see Liebe et al. (1992)) of higher orders. We also verified the
effect of adding lines with L± > 37: far from the transition
frequencies the difference is negligible (∆V /V < 10! 5).

Table 1. Line frequency and corresponding quantum number L ±

used for the computation of the atmospheric O2 polarized signal.

L ± νt(L ! ) (GHz) νt(L +) (GHz)

1 118.750343 56.264777
3 62.486255 58.446580
5 60.306044 59.590978
7 59.164215 60.434776
9 58.323885 61.150570

11 57.612480 61.800155
13 56.968180 62.411223
15 56.363393 62.997977
17 55.783819 63.568520
19 55.221372 64.127777
21 54.671145 64.678898
23 54.130002 65.224065
25 53.595751 65.764744
27 53.066908 66.302082
29 52.542392 66.836820
31 52.021405 67.369589
33 51.503339 67.900867
35 50.987728 68.431005
37 50.474204 68.960312

Radiation intensity and polarization direction are also
determined by the angle (θ) between the line of sight and
the Earth magnetic field. We must define a reference sys-
tem onto which the vector E of the electromagnetic wave is
projected. A good choice is the 3D geomagnetic system (see
Lenoir (1968)) centered at the geographic Earth center: z
axis correspondes to the geomagnetic dipole axis and angles
ψm and φm identify the geomagnetic latitude and longitude
respectively. Matrix representing the polarized intensity I
can be evaluated through the coherence matrix (! ) for the
different transitions:

I∆MJ
(S,L,MJ ) = Ptrans,∆MJ

(S,L,MJ ) ! ∆MJ
,

In this reference frame the matrices for the three different
transitions become:

∆MJ = −1 : ! σ
−

=

(

1 i cos θ
−i cos θ cos2 θ

)

(1)

∆MJ = +1 : ! σ+
=

(

1 −i cos θ
i cos θ cos2 θ

)

(2)

∆MJ = 0 : ! π =

(

0 0
0 sin2 θ

)

, (3)

where Ptrans denotes the transition probability for the line
identified by the quantum numbers (S,L, J,MJ ) and fix
their relative intensity. Equations (1) - (3) show that σ!

and σ+ lines produce circular polarization, due to the off-
diagonal terms in the matrices. Besides the combination of
the three transitions generate also a small fraction of linear
polarization.

The total coherence matrix Atot can be derived by ex-
pressing the whole contribution given by the superposition
of the different lines:

! ±, "
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• Each rotational state (J,MJ) is split in 2J+1 states

• Polarized radiation intensity modeled with 
coherency matrices and Fermi Golden rule
   

•        Zeeman lines have different polarizations

• Total coherency matrix can be easily computed

Polarized signal modeling

I ∆MJ (S,L,MJ) = Ptrans,∆MJ (S,L,MJ)! ∆MJ

2 S. Spinelli et al.

and (Finelli & Galaverni 2009); coupling between photons
and pseudoscalar fields in presence of intergalactic magnetic
fields (Agarwal et al. 2008); coupling between photons and
vector fields to test Lorentz-invariance violating processes
(Alexander et al. 2009). Authors, in all of these cases, show
how a fundamental process induces optical activity in the
Intergalactic Medium. In fact, the extensions of the stan-
dard lagrangian generate new terms in Maxwell’s equations
(see eq. 3 in Harari & Sikivie (1992)), therefore leading to
modified dispersion relations. We have to mention also the
possibility of having a V -mode induced by last-scattering
in a magnetized primordial plasma (see Giovannini (2009,
2010)) and, after recombination, by intergalactic magnetic
fields through Faraday conversion (Cooray et al. 2003).

It is likely that, with increasing theoretical motivations,
a dedicated experiment will be proposed in the near future to
update the very early upper limits obtained by Lubin et al.
(1983) and Partridge et al. (1988). The present work has
been prepared also in this spirit.

In section 2 the basic physics of the process is presented,
while in section 3 the tensor radiative transfer approach used
to compute the atmospheric integrated signal is described.
The analysis is applied to different sites: Dome C (Antarc-
tica), South Pole, Atacama (Chile), Testa Grigia (Italian
Alps), where mm-wave instruments are located. Results are
reported in section 4. We compare the effect in different
places and define the optimal observation bands in order to
minimize the effect from this contaminant.

2 POLARIZED SIGNAL THEORY

O2 is the only abundant atmospheric molecule with non-zero
magnetic dipole moment, because the two electrons in the
highest energy state couple with parallel spin. The presence
of polarized radiation in the atmosphere is associated with
the interaction of the magnetic dipole moment of the O2

molecule and the Earth magnetic field. In the millimeter
wave region of the electromagnetic spectrum, O2 molecule
presents a set of lines due to roto-vibrational transitions.
The presence of the Earth magnetic field induces Zeeman
splitting on these lines, which then become polarized.

Because of the Zeeman effect a quantum state repre-
sented by the quantum number J is split in 2J + 1 states,
each of them described by a different value of MJ , under the
condition |MJ | ! J . The selection rules permit the follow-
ing transitions, ∆J = +1 (called L+) and ∆J = −1 (called
L! ):

∆J = +1 : J = L → J = L+ 1 (L+)
∆J = −1 : J = L → J = L− 1 (L! )

Under these conditions, selection rules permit to have
∆MJ = 0 (π transitions) and ∆MJ = ±1 (σ± transitions).
In Table 1 we report the frequencies of O2 roto-vibrational
transitions allowed by the Fermi Golden Rule and used for
our calculation, together with their corresponding quantum
number (L±). We stop to L± = 37 because of lack of in-
formation about the line broadening and mixing parameters
(see Liebe et al. (1992)) of higher orders. We also verified the
effect of adding lines with L± > 37: far from the transition
frequencies the difference is negligible (∆V /V < 10! 5).

Table 1. Line frequency and corresponding quantum number L ±

used for the computation of the atmospheric O2 polarized signal.

L ± νt(L ! ) (GHz) νt(L +) (GHz)

1 118.750343 56.264777
3 62.486255 58.446580
5 60.306044 59.590978
7 59.164215 60.434776
9 58.323885 61.150570

11 57.612480 61.800155
13 56.968180 62.411223
15 56.363393 62.997977
17 55.783819 63.568520
19 55.221372 64.127777
21 54.671145 64.678898
23 54.130002 65.224065
25 53.595751 65.764744
27 53.066908 66.302082
29 52.542392 66.836820
31 52.021405 67.369589
33 51.503339 67.900867
35 50.987728 68.431005
37 50.474204 68.960312

Radiation intensity and polarization direction are also
determined by the angle (θ) between the line of sight and
the Earth magnetic field. We must define a reference sys-
tem onto which the vector E of the electromagnetic wave is
projected. A good choice is the 3D geomagnetic system (see
Lenoir (1968)) centered at the geographic Earth center: z
axis correspondes to the geomagnetic dipole axis and angles
ψm and φm identify the geomagnetic latitude and longitude
respectively. Matrix representing the polarized intensity I
can be evaluated through the coherence matrix (! ) for the
different transitions:

I∆MJ
(S,L,MJ ) = Ptrans,∆MJ

(S,L,MJ ) ! ∆MJ
,

In this reference frame the matrices for the three different
transitions become:

∆MJ = −1 : ! σ
−

=

(

1 i cos θ
−i cos θ cos2 θ

)

(1)

∆MJ = +1 : ! σ+
=

(

1 −i cos θ
i cos θ cos2 θ

)

(2)

∆MJ = 0 : ! π =

(

0 0
0 sin2 θ

)

, (3)

where Ptrans denotes the transition probability for the line
identified by the quantum numbers (S,L, J,MJ ) and fix
their relative intensity. Equations (1) - (3) show that σ!

and σ+ lines produce circular polarization, due to the off-
diagonal terms in the matrices. Besides the combination of
the three transitions generate also a small fraction of linear
polarization.

The total coherence matrix Atot can be derived by ex-
pressing the whole contribution given by the superposition
of the different lines:

! ±, "
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• For a given atmospheric configuration (P, T, h) and Earth magnetic field we get a 
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A template of atmosphericO2 circularly polarized emission for CMB experiments 3

Atot = C(ν, P, T )
∆MJ=+1

∑

∆MJ=! 1

ρ∆MJ

+J
∑

MJ=! J

Ptrans(S, L, M J ,∆J, ∆M J )

F (ν, νk,∆νc).

I matrices are multiplied by two weight factors: the Þrst one,
C(ν, P, T ), takes into account the dependence on pressure,
temperature and frequency (Lenoir 1968):

C(ν, T, P ) = 0 .229
Pν2

T 3
e

−EL
KBT ; (4)

the second function, F (ν, νk,∆νc), is the line proÞle. We ne-
glect the Doppler effect and consider only the collisional li ne
broadening, which is dominant in the lower layers of the at-
mosphere where most of the signal is generated. Therefore
we use the collisional line proÞle (Van Vleck & Weisskopf
1945) corrected for the line mixing effects as shown by
Rosenkranz & Staelin (1988) and Liebe et al. (1992). The
line proÞle used is then:

F (ν, νk,∆νc) = F∆ − FY (5)

where:

F∆ = ∆νc

[

1
(νk − ν)2 + ∆ν2

c

+
1

(νk + ν)2 + ∆ν2
c

]

FY = Yk

[

νk − ν
(νk − ν)2 + ∆ν2

c

+
νk + ν

(νk + ν)2 + ∆ν2
c

]

.

Here the line broadening is:

∆νc = A0 P
(

300
T

)0.8

(6)

and the line mixing coefficient is:

Yk =
(

A1 + A2
300
T

)

P
(

300
T

)0.8

. (7)

Here the coefficients A0, A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5νk = νt + δ∆MJ

,
where νt is the transition frequency, shown in table 1 and
δ∆MJ

is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic ÞeldB (nT):

δ∆MJ
(MHz ) =















K0B
L+1

(

∆M J + M J
L − 1

L

)

(L+)

−K0B
L

(

∆M J + M J
L + 2
L + 1

)

(L ! )

Here K 0 = 2 .8026× 10! 5 and ∆M J = 0 ,±1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρ!
−

+ bρ! +
+ cρ" =

(

a + b i(a − b) cosθ
−i (a − b) cosθ (a + b) cos2 θ + csin2 θ

)

=

(

α iβ
−iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
off-diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularl y
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with th e
Earth magnetic Þeld: V ∝ β = ( a− b) cosθ; 3) the diagonal
terms are still di fferent (α % γ), so that StokesÕ parame-
ter Q ∝ α − γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic Þeld:
Q ∝ (a + b− c) sin2 θ; 5) the component of non vanishing
linear polarization ( Q parameter) is nearly aligned with the
Earth magnetic Þeld, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear ( Q) to circular ( V ) polarization
is Q/V ∼ 10! 4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensiti vity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modiÞes its polarization propertie s.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ∆z = 0 .2 km. We interpolate the atmo-
spheric parameters proÞles available in literature to Þt th is
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB(z, ν) =
N
∑

i=1

WF(∆zi, ν)Ti. (9)

WF is a weight function for the physical temperature Ti

of the i -th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(∆zi, ν) = P(∆zi, ν)
[

I− e! 2Ai(#)∆zi
]

P
" (∆zi, ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through di fferent layers, that is P = I for i = 1,
P = e! A(#)∆zi for i = 2 while for i > 2 we have:

P(∆zi, ν) = e! A1(#)∆zi × .... × e! Ai−1(#)∆zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters
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T
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Here the coe# cients A0, A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5νk = νt + δ! M J

,
where νt is the transition frequency, shown in table 1 and
δ! M J

is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic Þeld B (nT):
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(MHz) =
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
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K 0B
L +1

(

! MJ + MJ
L− 1
L

)

(L+)

− K 0B
L

(

! MJ + MJ
L + 2
L + 1

)

(L−)

Here K0 = 2 .8026× 10−5 and ! MJ = 0 ,±1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρσ! + bρσ+
+ cρπ =

(

a + b i(a− b) cosθ
−i(a− b) cosθ (a + b) cos2 θ + c sin2 θ

)

=
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α iβ
−iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
o" -diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularl y
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with th e
Earth magnetic Þeld: V ∝ β = ( a− b) cosθ; 3) the diagonal
terms are still di " erent (α % γ), so that StokesÕ parame-
ter Q ∝ α − γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic Þeld:
Q ∝ (a + b − c) sin2 θ; 5) the component of non vanishing
linear polarization ( Q parameter) is nearly aligned with the
Earth magnetic Þeld, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear ( Q) to circular ( V ) polarization
is Q/V ∼ 10−4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensiti vity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modiÞes its polarization propertie s.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ! z = 0 .2 km. We interpolate the atmo-
spheric parameters proÞles available in literature to Þt th is
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB (z, ν) =
N
∑

i =1

WF(! zi , ν)Ti . (9)

WF is a weight function for the physical temperature Ti

of the i-th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(! zi , ν) = P(! zi , ν)
[

I− e−2Ai(ν)! zi

]

P
∗(! zi , ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through di " erent layers, that is P = I for i = 1,
P = e−A(ν)! zi for i = 2 while for i > 2 we have:

P(! zi , ν) = e−A1(ν)! zi × ....× e−Ai! 1(ν)! zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters
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broadening, which is dominant in the lower layers of the at-
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ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
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imaginary complex numbers thus radiation is only circularl y
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the line of sight is orthogonal to the Earth magnetic Þeld:
Q ∝ (a + b− c) sin2 θ; 5) the component of non vanishing
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occur (see Rosenkranz & Staelin (1988)). Actually it can be
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nal, as the linearly polarized one is still below the sensiti vity
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P = e−A(ν)! zi for i = 2 while for i > 2 we have:

P(! zi , ν) = e−A1(ν)! zi × ....× e−Ai! 1(ν)! zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters

Atmosphere modeling 4
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• Tensor radiative transfer approach of Lenoir (1967,1968) 

• 30 Km P and T profiles taken from literature averaged over 0.2 km layers

Radiative transfer and magnetic field model

A template of atmospheric O2 circularly polarized emission for CMB experiments 3

Atot =C(ν, P, T )
∆M J=+1

∑

∆M J= −1

ρ∆M J

+ J
∑

M J= −J

Ptrans (S,L,MJ ,∆J,∆MJ )

F (ν, νk ,∆νc).

I matrices are multiplied by two weight factors: the first one,
C(ν, P, T ), takes into account the dependence on pressure,
temperature and frequency (Lenoir 1968):

C(ν, T, P ) = 0.229
Pν2

T 3
e

−EL
KBT ; (4)

the second function, F (ν, νk ,∆νc), is the line profile. We ne-
glect the Doppler effect and consider only the collisional line
broadening, which is dominant in the lower layers of the at-
mosphere where most of the signal is generated. Therefore
we use the collisional line profile (Van Vleck & Weisskopf
1945) corrected for the line mixing effects as shown by
Rosenkranz & Staelin (1988) and Liebe et al. (1992). The
line profile used is then:

F (ν, νk ,∆νc) = F∆ − FY (5)

where:

F∆ = ∆νc

[

1
(νk − ν)2 +∆ν2

c
+

1
(νk + ν)2 +∆ν2

c

]

FY = Yk

[

νk − ν
(νk − ν)2 +∆ν2

c
+

νk + ν
(νk + ν)2 +∆ν2

c

]

.

Here the line broadening is:

∆νc = A0 P

(

300
T

)0.8

(6)

and the line mixing coefficient is:

Yk =

(

A1 + A2
300
T

)

P

(

300
T

)0.8

. (7)

Here the coefficients A0 , A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5 νk = νt + δ∆M J

,
where νt is the transition frequency, shown in table 1 and
δ∆M J

is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic field B (nT):

δ∆M J
(MHz) =















K 0 B
L +1

(

∆MJ +MJ
L− 1
L

)

(L+ )

− K 0 B
L

(

∆MJ +MJ
L+ 2
L+ 1

)

(L−)

Here K0 = 2.8026 × 10−5 and ∆MJ = 0, ± 1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρσ
−

+ bρσ+ + cρπ =
(

a+ b i(a− b) cos θ
−i(a− b) cos θ (a+ b) cos2 θ + c sin2 θ

)

=

(

α iβ
−iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
off-diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularly
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with the
Earth magnetic field: V ∝ β = (a− b) cos θ; 3) the diagonal
terms are still different (α % γ), so that Stokes’ parame-
ter Q ∝ α − γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic field:
Q ∝ (a + b − c) sin2 θ; 5) the component of non vanishing
linear polarization (Q parameter) is nearly aligned with the
Earth magnetic field, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear (Q) to circular (V ) polarization
is Q/V ∼ 10−4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensitivity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modifies its polarization properties.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ∆z = 0.2 km. We interpolate the atmo-
spheric parameters profiles available in literature to fit this
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB (z, ν) =
N
∑

i =1

WF(∆zi , ν)Ti . (9)

WF is a weight function for the physical temperature Ti

of the i-th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(∆zi , ν) = P(∆zi , ν)
[

I− e−2Ai(ν)∆zi

]

P
∗(∆zi , ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through different layers, that is P = I for i = 1,
P = e−A(ν)∆zi for i = 2 while for i > 2 we have:

P(∆zi , ν) = e−A1 (ν)∆zi × ....× e−Ai−1 (ν)∆zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters

A template of atmospheric O2 circularly polarized emission for CMB experiments 3

Atot = C(ν, P, T )
! MJ =+1

∑

! MJ = −1

ρ! MJ

+ J
∑

MJ = −J

Ptrans(S,L,MJ ,∆J,∆MJ )

F (ν, νk,∆νc).

I matrices are multiplied by two weight factors: the Þrst one,
C(ν, P, T ), takes into account the dependence on pressure,
temperature and frequency (Lenoir 1968):

C(ν, T, P ) = 0 .229
Pν2

T 3
e

−E L
K B T ; (4)

the second function, F (ν, νk,∆νc), is the line proÞle. We ne-
glect the Doppler effect and consider only the collisional li ne
broadening, which is dominant in the lower layers of the at-
mosphere where most of the signal is generated. Therefore
we use the collisional line proÞle (Van Vleck & Weisskopf
1945) corrected for the line mixing effects as shown by
Rosenkranz & Staelin (1988) and Liebe et al. (1992). The
line proÞle used is then:

F (ν, νk,∆νc) = F! ! FY (5)

where:

F! = ∆νc

[

1
(νk ! ν)2 + ∆ν2

c

+
1

(νk + ν)2 + ∆ν2
c

]

FY = Yk

[

νk ! ν
(νk ! ν)2 + ∆ν2

c

+
νk + ν

(νk + ν)2 + ∆ν2
c

]

.

Here the line broadening is:

∆νc = A0 P

(

300
T

)0.8

(6)

and the line mixing coefficient is:

Yk =
(

A1 + A2
300
T

)

P

(

300
T

)0.8

. (7)

Here the coefficients A0 , A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5νk = νt + δ! MJ ,
where νt is the transition frequency, shown in table 1 and
δ! MJ is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic ÞeldB (nT):

δ! MJ (MHz) =















K0B
L+1

(

∆MJ + MJ
L ! 1
L

)

(L+ )

! K0B
L

(

∆MJ + MJ
L + 2
L + 1

)

(L−)

Here K0 = 2 .8026 " 10−5 and ∆MJ = 0 ,±1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρσ
−

+ bρσ+
+ cρπ =

(

a + b i(a ! b) cosθ
! i(a ! b) cosθ (a + b) cos2 θ + c sin2 θ

)

=

(

α iβ
! iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
off-diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularl y
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with th e
Earth magnetic Þeld: V $ β = ( a ! b) cosθ; 3) the diagonal
terms are still di fferent (α % γ), so that StokesÕ parame-
ter Q $ α ! γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic Þeld:
Q $ (a + b ! c) sin2 θ; 5) the component of non vanishing
linear polarization ( Q parameter) is nearly aligned with the
Earth magnetic Þeld, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear ( Q) to circular ( V ) polarization
is Q/V & 10−4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensiti vity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modiÞes its polarization propertie s.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ∆z = 0 .2 km. We interpolate the atmo-
spheric parameters proÞles available in literature to Þt th is
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB(z, ν) =
N
∑

i=1

WF(∆zi, ν)Ti. (9)

WF is a weight function for the physical temperature Ti

of the i-th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(∆zi, ν) = P(∆zi, ν)
[

I ! e−2Ai (ν) ! zi
]

P
∗(∆zi, ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through di fferent layers, that is P = I for i = 1,
P = e−A(ν) ! zi for i = 2 while for i > 2 we have:

P(∆zi, ν) = e−A1(ν) ! zi " .... " e−Ai −1(ν) ! zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters

Atmosphere modeling 5

Tomasi et al 

[34] Bearing in mind the results obtained by Turner et al.
[2003] and M06, the above evaluations of W were corrected
for the solar heating errors of the H-Humicap sensors. In
fact, through thousands of comparison tests performed in
northern Oklahoma from 1994 to 2000, Turner et al. [2003]
found that dry bias affects the daytime measurements of
precipitable water derived from RS80-H Humicap data by
3–4% on average. Examining a set of RS90 radiosonde
measurements performed in October and November 2003,
M06 estimated that the daytime dry bias of W varied
between 6% and 8% on average. Thus we took into account
that the incoming density flux of global solar radiation at
Dome C can vary appreciably as a function of solar zenith
angle (SZA), mostly assuming considerably lower values
than those observed at the midlatitude sites of the Northern
Hemisphere, corresponding to generally smaller values of
SZA throughout the day. The solar heating error was
evaluated for each radiosounding by calculating the incom-
ing solar irradiance in the Dome C atmosphere and normal-
izing it to the midlatitude value calculated in the standard
atmosphere for the average value of SZA = 55!. Multiplying

this solar irradiance ratio determined for each Dome C
radiosounding by (1) the average correction factor proposed
by Turner et al. [2003] as equal to 1.035 for the RS80
radiosonde measurements or (2) the M06 average correction
factor equal to 1.07 for the RS90 radiosondes, it was found
that the solar heating dry bias varied between 0.8% and
3.7% for the RS80 evaluations of W and between 1.3% and
6.9% for the RS90 ones. Solar heating dry bias was not
corrected for the RS92 results since only nighttime radio-
soundings were performed from late March to late May.
[35] The values of W determined above were corrected

for this kind of dry bias using a specific correction term for
each radiosounding and then subdivided into four monthly
subsets, relative to the December, January, late March/April
(hence including also the 4 days from 25 to 30 March), and
May periods, respectively. For these subsets, the following
mean monthly values were obtained together with the
corresponding standard deviations: W = 0.73 ± 0.20 mm
in December, W = 0.78 ± 0.19 mm in January, W = 0.26 ±
0.08 mm in March/April, and W = 0.30 ± 0.10 mm in May.

Figure 5. Mean monthly vertical profiles of absolute
humidity q (g m!3) obtained from the monthly data sets
of q relative to December (open squares), January (solid
circles), March (open diamonds), April (solid squares),
and May (open circles). The bars represent the standard
deviations obtained at some fixed levels, giving a
measure of the dispersion of the monthly data.

Figure 4. Mean monthly vertical profiles of air tempera-
ture T (K) obtained from the monthly data sets relative to
December (open squares), January (solid circles), March
(open diamonds), April (solid squares), and May (open
circles). The bars represent the standard deviations obtained
at some fixed levels, giving a measure of the dispersion of
the monthly data.
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• IGRF-2010 Earth magnetic field 
model (2-6 x104 nT)

• Limited to 3000 Km wavelength, 
no small scale correction to the 
model

IGRF for Epoch 2010

Fig 4: Field intensity (F )at Earth’s surface in 2010 : units micro Tesla.

Fall AGU Meeting 2009

µT

• Tensor radiative transfer approach of Lenoir (1967,1968) 

• 30 Km P and T profiles taken from literature averaged over 0.2 km layers

Radiative transfer and magnetic field model

A template of atmospheric O2 circularly polarized emission for CMB experiments 3

Atot =C(ν, P, T )
∆M J=+1

∑

∆M J= −1

ρ∆M J

+ J
∑

M J= −J

Ptrans (S,L,MJ ,∆J,∆MJ )

F (ν, νk ,∆νc).

I matrices are multiplied by two weight factors: the first one,
C(ν, P, T ), takes into account the dependence on pressure,
temperature and frequency (Lenoir 1968):

C(ν, T, P ) = 0.229
Pν2

T 3
e

−EL
KBT ; (4)

the second function, F (ν, νk ,∆νc), is the line profile. We ne-
glect the Doppler effect and consider only the collisional line
broadening, which is dominant in the lower layers of the at-
mosphere where most of the signal is generated. Therefore
we use the collisional line profile (Van Vleck & Weisskopf
1945) corrected for the line mixing effects as shown by
Rosenkranz & Staelin (1988) and Liebe et al. (1992). The
line profile used is then:

F (ν, νk ,∆νc) = F∆ − FY (5)

where:

F∆ = ∆νc

[

1
(νk − ν)2 +∆ν2

c
+

1
(νk + ν)2 +∆ν2

c

]

FY = Yk

[

νk − ν
(νk − ν)2 +∆ν2

c
+

νk + ν
(νk + ν)2 +∆ν2

c

]

.

Here the line broadening is:

∆νc = A0 P

(

300
T

)0.8

(6)

and the line mixing coefficient is:

Yk =

(

A1 + A2
300
T

)

P

(

300
T

)0.8

. (7)

Here the coefficients A0 , A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5 νk = νt + δ∆M J

,
where νt is the transition frequency, shown in table 1 and
δ∆M J

is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic field B (nT):

δ∆M J
(MHz) =















K 0 B
L +1

(

∆MJ +MJ
L− 1
L

)

(L+ )

− K 0 B
L

(

∆MJ +MJ
L+ 2
L+ 1

)

(L−)

Here K0 = 2.8026 × 10−5 and ∆MJ = 0, ± 1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρσ
−

+ bρσ+ + cρπ =
(

a+ b i(a− b) cos θ
−i(a− b) cos θ (a+ b) cos2 θ + c sin2 θ

)

=

(

α iβ
−iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
off-diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularly
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with the
Earth magnetic field: V ∝ β = (a− b) cos θ; 3) the diagonal
terms are still different (α % γ), so that Stokes’ parame-
ter Q ∝ α − γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic field:
Q ∝ (a + b − c) sin2 θ; 5) the component of non vanishing
linear polarization (Q parameter) is nearly aligned with the
Earth magnetic field, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear (Q) to circular (V ) polarization
is Q/V ∼ 10−4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensitivity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modifies its polarization properties.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ∆z = 0.2 km. We interpolate the atmo-
spheric parameters profiles available in literature to fit this
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB (z, ν) =
N
∑

i =1

WF(∆zi , ν)Ti . (9)

WF is a weight function for the physical temperature Ti

of the i-th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(∆zi , ν) = P(∆zi , ν)
[

I− e−2Ai(ν)∆zi

]

P
∗(∆zi , ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through different layers, that is P = I for i = 1,
P = e−A(ν)∆zi for i = 2 while for i > 2 we have:

P(∆zi , ν) = e−A1 (ν)∆zi × ....× e−Ai−1 (ν)∆zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters

A template of atmospheric O2 circularly polarized emission for CMB experiments 3

Atot = C(ν, P, T )
! MJ =+1

∑

! MJ = −1

ρ! MJ

+ J
∑

MJ = −J

Ptrans(S,L,MJ ,∆J,∆MJ )

F (ν, νk,∆νc).

I matrices are multiplied by two weight factors: the Þrst one,
C(ν, P, T ), takes into account the dependence on pressure,
temperature and frequency (Lenoir 1968):

C(ν, T, P ) = 0 .229
Pν2

T 3
e

−E L
K B T ; (4)

the second function, F (ν, νk,∆νc), is the line proÞle. We ne-
glect the Doppler effect and consider only the collisional li ne
broadening, which is dominant in the lower layers of the at-
mosphere where most of the signal is generated. Therefore
we use the collisional line proÞle (Van Vleck & Weisskopf
1945) corrected for the line mixing effects as shown by
Rosenkranz & Staelin (1988) and Liebe et al. (1992). The
line proÞle used is then:

F (ν, νk,∆νc) = F! ! FY (5)

where:

F! = ∆νc

[

1
(νk ! ν)2 + ∆ν2

c

+
1

(νk + ν)2 + ∆ν2
c

]

FY = Yk

[

νk ! ν
(νk ! ν)2 + ∆ν2

c

+
νk + ν

(νk + ν)2 + ∆ν2
c

]

.

Here the line broadening is:

∆νc = A0 P

(

300
T

)0.8

(6)

and the line mixing coefficient is:

Yk =
(

A1 + A2
300
T

)

P

(

300
T

)0.8

. (7)

Here the coefficients A0 , A1 and A2, for each transition, are
given in table 2 of Liebe et al. (1992), where calculations
are compared with measurements. In eq. 5νk = νt + δ! MJ ,
where νt is the transition frequency, shown in table 1 and
δ! MJ is a Zeeman induced frequency shift (Lenoir 1968)
given a magnetic ÞeldB (nT):

δ! MJ (MHz) =















K0B
L+1

(

∆MJ + MJ
L ! 1
L

)

(L+ )

! K0B
L

(

∆MJ + MJ
L + 2
L + 1

)

(L−)

Here K0 = 2 .8026 " 10−5 and ∆MJ = 0 ,±1. Taking into
account all these relations and summarizing them, the total
coherence matrix can be written as:

Atot = aρσ
−

+ bρσ+
+ cρπ =

(

a + b i(a ! b) cosθ
! i(a ! b) cosθ (a + b) cos2 θ + c sin2 θ

)

=

(

α iβ
! iβ γ

)

(8)

This matrix expresses the coherence (polarization) proper-
ties of the signal coming from the Zeeman split O2 lines. We
get a matrix for a given atmospheric condition of pressure,
temperature and height. In particular we notice that: 1)
off-diagonal terms are non vanishing and conjugate purely
imaginary complex numbers thus radiation is only circularl y
polarized (V #= 0) since U parameter is null; 2) circular po-
larization is larger when the line of sight is aligned with th e
Earth magnetic Þeld: V $ β = ( a ! b) cosθ; 3) the diagonal
terms are still di fferent (α % γ), so that StokesÕ parame-
ter Q $ α ! γ #= 0; 4) linear polarization is larger when
the line of sight is orthogonal to the Earth magnetic Þeld:
Q $ (a + b ! c) sin2 θ; 5) the component of non vanishing
linear polarization ( Q parameter) is nearly aligned with the
Earth magnetic Þeld, even if a small Faraday rotation may
occur (see Rosenkranz & Staelin (1988)). Actually it can be
seen that the ratio of linear ( Q) to circular ( V ) polarization
is Q/V & 10−4 (see Hanany & Rosenkranz (2003)). In the
present paper we evaluate only the circularly polarized sig-
nal, as the linearly polarized one is still below the sensiti vity
of the current experiments (see section 4).

3 COHERENCE BRIGHTNESS
TEMPERATURE

3.1 Modeling the atmosphere

The propagation of radiation emitted by Oxygen molecules
throughout atmosphere modiÞes its polarization propertie s.
We compute the A matrix via a tensor radiative transfer
approach. We compute the total coherence matrix in terms
of brightness temperature and divide the atmosphere in N
layers of thickness ∆z = 0 .2 km. We interpolate the atmo-
spheric parameters proÞles available in literature to Þt th is
thickness. Than we take the average value of the physical
parameters inside each layer and use the theory of radiative
transfer, described in Lenoir (1968), to compute the signal
emerging from one layer, taking into account all the layers
lying above it:

TB(z, ν) =
N
∑

i=1

WF(∆zi, ν)Ti. (9)

WF is a weight function for the physical temperature Ti

of the i-th layer, in which all the information about the
transfer properties of the layer are encoded, according to
the formalism developed in Lenoir (1967):

WF(∆zi, ν) = P(∆zi, ν)
[

I ! e−2Ai (ν) ! zi
]

P
∗(∆zi, ν). (10)

In this relation Ai expresses the total attenuation matrix of
the i-th layer (see section 2) and P is the product of the
exponential matrices taking into account the absorption of
radiation through di fferent layers, that is P = I for i = 1,
P = e−A(ν) ! zi for i = 2 while for i > 2 we have:

P(∆zi, ν) = e−A1(ν) ! zi " .... " e−Ai −1(ν) ! zi . (11)

To quantify the brightness temperature matrix, we have de-
veloped a code in which we change the input parameters

Atmosphere modeling 5
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Frequency templates at zenith
• Both V>0 and V<0 

polarization

• Main differences:

• Altitude effects

• B strength

• B orientation

• Sign revers due to line wing 
crossing

• High frequency model may 
not be accurate: strong 
dependence on mixing 
model

Templates 6
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90 GHz angular templates - I

• Left to right: South 
Pole, Dome C, 
Chajnantor in 
Atacama desert, 
Testa Grigia

• 15°elevation 
intervals 

• White lines denote 
50µK variation

• Red line denotes 
null signal level

• Length scale of 200 
Km at 30 Km 
altitude

Templates 7
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90 GHz angular templates - II

• Great difference in gradient for N-S 
scans

• Effect of atmospheric thickness

• Dome C: vertical B compensates 
atmospheric thickness increase

• Atacama: horizontal B combines to 
increase the signal

¥el = 45° azimuthal gradients

¥Real signal must be integrated over the 
bandwidth and convolved with beam

Templates 8
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• T and P profiles daily variations

• Seasonal profile variations affect mainly 
Polar sites

• Uncertainty on O2 absorption values up 
to 120 GHz

δPst � 0.8mb δTst � 2.0K

• B direction and magnitude uncertainties:

• Secular variation (SV)

• Magnetic storms 

• T and P profile experimental uncertainties 

Accuracy

δ|B| � 20nT δp̂ = δq̂ = 1!

δPexp ! 5mb δTexp ! 0.5K

! |B | � 1000nT

Validation 9
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Band optimization and real case example
• Possible band optimization inside atmospheric windows using V sign reversal: 

examples with ideal rectangular 20% bandpass

Validation 10
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A template of atmospheric O2 circularly polarized emission for CMB experiments 7

Table 3. Typical signals and gradients of the Stokes parameter V at the several sites. Signals are evaluated at 90 GHz. Column 2 :
total polarized signal at the zenith (see Fig. 2); Column 3 : elevation gradient for a North-South scan, minimum (occur ring around the
zenith) and maximum (occurring al lowest elevation) values for el ! 45! (see Fig. 7); Column 4 : maximum azimuth gradient for a scan
at el = 45 ! (see Fig. 8); Column 5 : peak-to-peak polarized signal in a scan at el = 45 ! (see Fig. 8); Column 6 : azimuth positions where
maximum azimuth gradients occur (for azimuth reference see Figs. 3 - 6).

Site Vz (µK) ! V
!" el

(µK/! ) ! V
!# az

(µK/! ) δVpp (az)(µK) Φaz (! )

Dome C -153.4 0.3 − 0.8 0.4 50.2 129; 310
South Pole -299.0 1.4 − 3.2 1.6 188.1 61; 242
Atacama -52.5 2 .5 − 5.1 2.5 288.0 83; 264
Testa Grigia +147.1 1 .3 − 2.9 1.4 158.8 90; 271

Figure 8. Azimuth scan of the Oxygen polarized signal for the
several sites. Cuts are taken at constant elevation (45 ! ). Fre-
quency is ν = 90 GHz.

By means of our template the O2 polarized signal can
be computed at any time given the site where the observa-
tions are carried out, giving the possibility of subtracting it
from the sky signal. For a real experimental setup the sig-
nals computed for a given direction have to be integrated
with the efficiency of the bandwidth and convolved with the
observing beam profile.

4.3 Bands optimization

Astrophysical and cosmological signals can be investigated
by ground based experiments through the atmospheric win-
dows, where transparency is large. The opacity of the atmo-
sphere at mm-wave frequency is due to the combined un-
polarized emission of (mainly) molecular Oxygen (the same
transitions considered for the polarized emission) and water
vapor lines (at 22 GHz and 183 GHz). In Fig. 9 the to-
tal brightness temperature of the atmosphere at Dome C is
shown between 10 GHz and 200 GHz.

Inside this interval we define three frequency windows
of atmospheric transparency: the first between 25 GHz and
45 GHz, the second between 75 GHz and 110 GHz and the
third between 125 GHz and 170 GHz. Inside these frequency
intervals it is possible to observe the sky with a transparency
larger than 0.8, using a wide bandwidth (∆ν/ν = 0.2 −
0.3). In these frequency bands we estimate the integrated
polarized temperature due to atmospheric oxygen. We select
3 ideal rectangular bandpass which are 10 GHz, 20 GHz and
30 GHz wide (i.e. corresponding roughly to a 20% bandpass)

Figure 9. Brightness temperature of the atmosphere at the
zenith for Dome C station. The three curves correspond to dif -
ferent values of the precipitable water vapour (PWV=1 mm cor -
responding to a typical summer condition, PWV=0.6 mm and
PWV=0.3 mm corresponding to a typical winter condition).

Figure 10. Integrated polarized signal from O2 vs the central
frequency: bandwidth ∆ν = 10 GHz; frequency interval from 25
to 45 GHz; observing towards the zenith.

respectively for the three bands. The results are shown in
Figures 10, 11 and 12 as a function of the central observing
frequency.

This analysis allows us to define the optimal frequency
bandwidths for observation of circular polarization inside
the windows, while avoiding the largest signals from the
peaks and the highest part of the line wings. In the 75-110
GHz interval the high frequency side is preferred because
here we find a null in the polarized signal. Therefore the

Dome C 
atmosphere
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• Example case: are TES experiments in Atacama 
sensitive to V contamination?

Band optimization and real case example
• Possible band optimization inside atmospheric windows using V sign reversal: 

examples with ideal rectangular 20% bandpass
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• Example case: are TES experiments in Atacama 
sensitive to V contamination?

Band optimization and real case example
• Possible band optimization inside atmospheric windows using V sign reversal: 

examples with ideal rectangular 20% bandpass
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• Example case: are TES experiments in Atacama 
sensitive to V contamination?

Band optimization and real case example
• Possible band optimization inside atmospheric windows using V sign reversal: 

examples with ideal rectangular 20% bandpass
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11

We investigated atmospheric polarized emission

We produced angular and frequency templates for several observational 
sites and proposed the more convenient band to perform observation

Frequency templates accuracy is limited by absorption parameters

Atacama has the lowest emission but Dome C has the lowest gradient

1µK accuracy dominated by precision and variability of atmospheric 
profiles

 Magnetic storms and seasonal variations are the strongest variability 
factors (10-15µK )

Current experiment should be on a safe side (but be careful!)

Conclusions
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Useful for current and future CMB polarization experiments

... and also to update current constraints from Partridge et al. (1988)

Proof of non standard physics and cosmological models (e.g primordial 
magnetic field, see panels below)
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Figure 2: The V-mode power spectra are compared with the linear polarizations. As in Fig.
1 on both axes the common logarithm of the indicated quantity is reported.

the underlying cosmological parameters, to the initial conditions of the Einstein-Boltzmann
hierarchy as well as to the magnetic field parameters. For illustration the concordance model
supplemented by adiabatic initial conditions has been considered. The maximal intensity of
the comoving magnetic field has been taken to be of the order of the nG. This is the range
of current bounds stemming from the simultaneous analysis of the measured TE and TT
power spectra (see [9], first and second reference). Larger magnetic fields would distort the
acoustic oscillations in the TT power spectra. Low frequency instruments could make the
difference for scrutinizing a potential V-mode polarization. In this respect the results and
the techniques of [13] (as well as the earlier results of [14]) could be probably revisited in
the light of the considerations developed here. It has been shown that the VT correlation
for a comoving magnetic field from 5 to 10 nG can be as large as 10! 5 (µK)2 at 10 GHz
for ! < 20 (i.e. large angular separations). This means that for frequencies O(MHz), the
resulting signal could be even 6 or 7 orders of magnitude larger than a putative B-mode
signal from gravitational lensing (see, e.g. Fig. 2, thick dashed curved in the left plot). It
has been demonstrated that the study of circular dichroism is not more forlorn than other
signals which are often invoked as conceptually important to consider but observationally
difficult to assess. The systematic effects plaguing the measurements of the V-mode power
spectra differ from the case of linear polarizations. Wether or not they are less severe depends
also upon the features of the instrument and on the specific frequency band. The author is
grateful to G. Sironi, M. Gervasi and A. Tartari for stimulating discussions.
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the light of the considerations developed here. It has been shown that the VT correlation
for a comoving magnetic field from 5 to 10 nG can be as large as 10! 5 (µK)2 at 10 GHz
for ! < 20 (i.e. large angular separations). This means that for frequencies O(MHz), the
resulting signal could be even 6 or 7 orders of magnitude larger than a putative B-mode
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