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ABSTRACT

Context. We have recently shown that the phenomenon known as ‘branch points’ in AO are markers for photons
carrying orbital angular momentum (OAM). In doing so, we have demonstrated that atmospheric turbulence creates
well defined OAM states in beams propagating through it.
Aims. In this paper, we extend our previous research to include any astrophysical turbulent assemblage of molecules or
atoms (TAMA), demonstrating that these clouds, similar to Earth’s atmosphere, also create POAM in electromagnetic
waves propagating through them. A TAMA is any gaseous cloud with a varying density and therefore variation in
its index of refraction, which includes but is not limited to stellar envelopes, circumstellar disks, molecular clouds,
planetary atmospheres, and the interstellar medium.
Methods. We applied our previous theoretical, simulation, and laboratory results to astrophysical TAMAs. Additionally,
we demonstrated how sensors designed for AO can be used to measure this POAM flux.
Results. Our results apply to light propagating through any TAMA. Since TAMA are ubiquitous in the cosmos, steady,
long lasting POAM fluxes will be ubiquitous as well.
Conclusions. Our results, which include theory, benchtop laboratory data, and wave optic simulation, indicate that,
under the right conditions, POAM fluxes can reach over 50% of the total photon flux. An initial set of on-sky exper-
imental observations appear to corroborate the laboratory results with two of the five stars, HR 1529 and HR 1577,
showing POAM fluxes of 3% ± 1% and 2% ± 1% of the total flux, and a third, HR 1895, with a PAOM flux of up to
17%± 2% of the total flux.

Key words. interstellar medium: general – Galaxies: interstellar medium

1. Introduction

Recent work has shown that orbital angular momentum
(OAM) can be carried by electromagnetic fields from the
radio to optical to X-rays (Mohammadi et al. 2010; Allen
et al. 1992; Peele et al. 2002), as well as by electrons
(Hemsing et al. 2012) and quarks (Chen et al. 2008;
Tao et al. 2011). For our part, we have recently demon-
strated that photons with OAM are created by propaga-
tion through atmospheric turbulence (Sanchez & Oesch
2011a,b). In this work, we extend our result and demon-
strate that photonic orbital angular momentum (POAM) is
created as a natural consequence of electromagnetic waves
propagating through any astrophysical turbulent assem-
blage of molecules or atoms (TAMA) and that this creates
steady and long-lasting POAM fluxes.

The basis of our treatment is (1) to demonstrate that
the physical requirements for the creation of POAM in
Earth’s atmosphere are present in astrophysical TAMAs,
and (2) to demonstrate that the POAM flux created
by TAMAs can be measured. Demonstration of the first
is a straightforward application of our previous results.
Demonstration of the second is more demanding. Whereas
observation of astronomical sources relies on measurement
of the intensity, wavelength, polarization, or coherence

? We express our gratitude to the Air Force Office of Scientific
Research for their support of this research.

(imaging) of electromagnetic waves to interrogate remote
physical systems, for instance gravitational interactions
from images, none use the recently enumerated property
of POAM (Uribe-Patarroyo et al. 2011). We present the
first such observations in Section 4.

There is recognition in the community that measure-
ment of POAM would be useful. Harwit (2003) proposed
why measurement of OAM could be of use in astrophysical
observations. Later, Elias (2008, 2012) both surveyed the
role POAM could play in astronomical observations and
also proposed a framework for future research to include
how measurements of POAM would interact with more
conventional astronomical instrumentation (Elias 2012).
However, no prior work enumerates a mechanism by which
POAM can be widespread in the cosmos. We present such
a mechanism in Section 3.

Whereas no prior measurement of astrophysical POAM
has been attempted, a few works detail specific examples of
the formation or use of POAM in astronomy or new instru-
mentation for its detection. For example, Tamburini et al.
(2011) found that photons could be imparted with orbital
angular momentum through interaction with a Kerr black
hole. Also, Uribe-Patarroyo et al. (2011) discuss solar pho-
tons carrying orbital angular momentum and their use in
comparing properties of different solar regions. Berkhout &
Beijersbergen (2009, 2010) discussed use of a multipoint in-
terferometer as a method of identifying optical vortices in
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astronomical sources and elsewhere (Berkhout et al. 2011)
described an optical system utilizing two custom optical
components for detection of multiple OAM modes simulta-
neously. Lavery et al. (2011) presented a geometric trans-
formation as an approach to analyze the superposition of
OAM states.

The first description of POAM was given by Jackson
(1975). Later, Allen et al. (1992) demonstrated that pho-
tons in a Laguerre-Gaussian (L-G) beam carry mh̄ of OAM
where m denotes the mth OAM state, and that this beam
can be created as a conversion process from a non-OAM
carrying Hermite-Gaussian (H-G) beam through the use of
cylindrical lenses. Sanchez & Oesch (2011a) demonstrated
that smooth, but random turbulence, also acts as a conver-
sion process which converts non-OAM to OAM photons.

In Earth’s atmosphere, optical turbulence is caused by
index of refraction fluctuations which in turn are caused
by density fluctuations. Density fluctuations are induced by
contra-velocity flows, which are mostly due to diurnal heat-
ing. The contra-velocity flows cause eddies. These eddies
cascade to smaller and smaller scales until molecular colli-
sion becomes important, at which time viscous dissipation
occurs (Andrews & Phillips 1998). The characteristic length
at which this occurs is called the inner scale of turbulence.
The size of the inner scale of turbulence strongly influences
both scintillation (Hill & Ochs 1992) and also creation of
POAM (Sanchez & Oesch 2011b). The strength of the den-
sity fluctuations is characterized by the structure function
of the index of refraction, with the quasi-equilibrium state
described by a Kolmogorov structure function (Andrews &
Phillips 1998).

The amount of turbulence-induced POAM has been
shown to vary based on turbulence strength and propa-
gation distance (Sanchez & Oesch 2011b). This is funda-
mentally different than in the conversion of H-G beams to
L-G beams, because, in that case, all photons in the H-G
beam are converted from m = 0 to the m 6= 0 state. In the
turbulence conversion process, only a fraction of the total
photon flux is converted to a POAM flux. In Section 4, we
demonstrate to first order that this flux can reach over half
of the total flux (Sanchez & Oesch 2012).

POAM can be measured using a Shack-Hartmann wave-
front sensor (Leach et al. 2006; Murphy et al. 2010), similar
to those used in conventional adaptive optical (AO) sys-
tems. Shack-Hartmann wavefront sensors (SH WFS) mea-
sure the gradient of a beam’s phase, ∇ϕ. The phase can be
separated into two parts, the rotational phase, ϕRot, which
contains the phase of the non-zero POAM carrying photons,
and the least mean square phase,∇ϕLMS, which carries zero
POAM. Note however, even though SH WFSs measure the
total phase, and hence the POAM component of the beam,
in standard AO processing, in order to reduce noise, ϕRot is
discarded in the reconstruction process (Fried 1998). This
means that using standard techniques, the POAM compo-
nent of the beam is overlooked, but with special processing,
can be extracted. More on this in Sections 2 and 4.

The primary purpose of this paper is to demonstrate
that propagation through TAMAs creates POAM and the
created POAM flux can be measured. The secondary pur-
pose is to present the first on-sky measurements of astro-
physical POAM flux. To this end, Section 2 reviews previ-
ous results, interactions of POAM with matter, and char-
acterizations of atmospheric turbulence. Then, Section 3
reviews the physical mechanism by which astrophysical

TAMAs create POAM. A first order calculation of the mag-
nitude of the POAM flux is given in Section 4. Then, on-sky
observations are presented in Section 5 followed by a sum-
mary in Section 6.

2. Background

The basis of the demonstration rests directly on classic AO
theory. Adaptive optics (Fugate et al. 1991) was created to
mitigate atmospheric turbulence and, in doing so, produced
major results in both understanding turbulence as a physi-
cal process, as well as, measurement of that turbulence; we
use both here.

2.1. Adaptive optics and the two types of phase

In the presence of atmospheric turbulence, an optimal
phase for image formation exists; call it ϕLMS . Fried (1998)
demonstrated that the gradient of the phase is uniquely
comprised of two constituents, ∇ϕLMS and ∇ϕRot and
hence the phase is comprised of two components, the opti-
mal phase for image formation, ϕLMS , and a discontinuous
phase, ϕRot, caused by branch points, i.e.

ϕ = ϕLMS + ϕRot. (1)

Brennan (2007 priv. comm. TR-1648) later demonstrated
that the phase gradients exist in two orthogonal Hilbert
spaces, HLMS and Hrot, such that

H = HLMS ⊕Hrot (2)

with the Hilbert spaces corresponding, respectively, to the
phases in Eq. 1. The phase gradients can be identified with
these Hilbert spaces via projection operators, PLMS and
Prot, i.e. PLMS(∇φ) ∈ HLMS and Prot(∇φ) ∈ Hrot. (For a
discussion of the projection operators, see Appendix A.)

Branch points can be measured (Fried & Vaughn 1992;
Fried 1998) by summing the phase in closed contours. A re-
sult of ±2π indicates the presence of a branch point within
the contour. In the case of the gradients returned by Shack-
Hartmann wavefront sensors,∑

Ωi

∇φ(ri) = ±2π (3)

signifies the presence of a branch point with Ωi a closed
contour along the discrete samples, and ri the location of
the ith wavefront sensor subaperture.

2.2. The discarding of the rotational phase by astronomical
AO systems

Adaptive optic systems compensate for turbulence by mea-
suring phase gradients, reconstructing the measured gra-
dients into phase, then, through a control law, turning
the reconstructed phase into deformable mirror commands.
Observing near zenith, it can be shown that ϕRot = 0, that
is, ϕ = ϕLMS . Hence, in an AO system measurement of the
phase, all components of the gradients in ϕRot are noise,
and as such, are discarded by the AO phase reconstructors.
See Appendix A for more comprehensive discussion of this
point.
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2.3. The morphology of branch points

Atmospheric turbulence is a continuous, thin disturbance
making ϕRot = 0 at the disturbance, which implies there
are no branch points at the disturbance. Branch points are
created with additional propagation.

2.3.1. Creation pairs

Branch points are created infinitesimally close together in
pairs of opposite helicity (Sanchez & Oesch 2009). As the
wave propagates, the pairs drift apart (Oesch et al. 2012a).
As such, there is a natural geometry associated with cre-
ation pairs (Sanchez et al. 2010) given by their inter-pair
separation, call it ∆, and their intra-pair separation, call it
δ. This geometry is depicted in Fig. 1(b) where the natural
geometry for creation pairs is depicted in sample simulation
data with overlay of ∆ and δ. The phase of a single branch
point, if it could exist in nature, is shown in Fig. 1(a), but
this is also the phase for the m = 1 Laguerre-Gaussian
beam. Figure 2 plots this for two sample experimental data
sets, a low branch point density case on the left with δ � ∆
and a high density case on the right with δ < ∆.

(a) (b)

Fig. 1. (a) Phase of a single branch point, if it could exist in
nature. Also, the phase for the m = 1 Laguerre-Gaussian beam
which is known to rapidly decohere in the presence of turbulence.
(b) ϕRot for a distribution of creation pairs with an overlay of
∆ and δ. The scale on both plots is [−π, π].

(a) (b)

Fig. 2. Experimental data of ϕRot, (a) low branch point density,
(b) high branch point density. The scale on both plots is [−π, π].

2.3.2. ∆ and δ

Branch point density is inversely proportional to ∆ but is
very much easier to measure and hence is the experimen-
talist’s parameter of choice. Oesch et al. (2012a) measured
branch point density as a function of propagation distance.
He found that branch points are formed only after some dis-
tance, call it z0, then their density increases as the 11/6th

power of normalized propagation distance until some dis-

tance, call it zss, at which it begins to deviate from z11/6.
With additional propagation, the density climbs reaching
its maximum value at zρmax , then decreases thereafter. In
the unsaturated regime, an empirical form of the density is
found to be

ρBP(z) = 0.02
(
C2
n(z)k2

0

)6/5( z
z0
− 1
)11/6

(4)

Similarly, the intra-pair separation is found to be

δ(z) = 0.22
(
C2
n(z)k2

0

)−3/5
( z
z0
− 1
)1/2

(5)

Experimental measurement (Oesch et al. 2012a) for these
two parameters is shown in Fig. 3 with intra-pair separation
shown on the left and the inverse of inter-pair separation
shown on the right.

Note that when ρBP is low and δ is small, φRot is highly
localized. This is readily apparent in Fig. 2(a).

2.3.3. Wavelength dependence

Our research has been conducted at optical and near IR
wavelengths. Specifically, our laboratory data (Oesch et al.
2010, 2012a; Oesch & Sanchez 2012) is at 1.55 microns.
Most of our simulation data (Oesch et al. 2012a) is also
at 1.55 microns. Our recent field data (Farrell et al. 2012;
Oesch et al. 2013a,b) is in the red, 633 nm for our 3 Km
tests and approximately 600 nm for our 50m tests. The on-
sky data presented in Section 5 is taken at 450 − 650 nm.
The theoretical work which rests on the laboratory data and
wave optics simulation (Sanchez et al. 2010, 2012) also ad-
here to those wavelengths. The theoretical work which links
turbulence, via branch points, to the creation of POAM
(Sanchez & Oesch 2011a,b) is applicable throughout the
visible. The foundational work (Sanchez & Oesch 2009),
which proved that branch points are created in pairs of op-
posite helicity and opened the door for the study of branch
points as enduring features of the traveling wave, relies only
on causality, and hence is independent of wavelength. In a
similar vein, Elias (2012) demonstrated that pairs of oppo-
site helicity are created by astronomical sources on the ce-
lestial sphere. In AO, the earliest works that studied branch
points (Fried & Vaughn 1992; Fried 1998) are applicable
from visible wavelengths to the near infrared. POAM it-
self has been found in electromagnetic radiation from ra-
dio waves (Mohammadi et al. 2010) to x-rays (Peele et al.
2002).

(a) δ (b) ρBP

Fig. 3. ASALT laboratory data highlighting creation pair be-
havior. Eleven values of turbulence strength with r0 in the range
6.5− 16.6 cm. (a) Intra-pair separation as a function of normal-
ized distance. (b) The inverse of the inter-pair separation, i.e.
branch point density, as a function of propagation distance.
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Fig. 4. Plot of mean branch point density versus propagation
distance for r0 = 10.28 cm and averaged over twenty values of
the inner scale from 0.05 to 1.0 cm. Overlaid are z0, zss and
zρmax . In standard texts (Sasiela 2007), the Rytov approxima-
tion is shown to fail at σ2

χ = 0.56. Empirically, it begins to

deviate from the theoretical curve for σ2
χ ≥ 0.2, but remains rea-

sonably valid until σ2
χ ≈ 0.65. These are shown as zss and zρmax ,

respectively, and the location at which branch points form as z0.

2.4. Turbulence

Up to this point, we have casually used the word turbulence.
Here we define it, with special emphasis on two parameters
of interest, strength and inner scale.

2.4.1. The structure function of turbulence

Optical turbulence in a gaseous cloud is caused by fluctua-
tions in the index of refraction which, in turn, is caused
by density fluctuations. The structure function of index
fluctuations quantifies turbulence strength (Sasiela 2007;
Andrews & Phillips 1998)

D(r) =
〈

[n(ε(a))− n(ε(a+ r))]
2
〉

(6)

where n(·) is the index of refraction with its explicit depen-
dence of the permittivity, ε(r), shown and r is the spatial
coordinate. The structure function is comprised of an iner-
tial range bounded above and below by the outer and inner
scales of turbulence, respectively. The outer scale, L0, de-
notes the largest coherent structure in the turbulence. The
inner scale, l0, is the characteristic length at which bulk
motion is dissipated as heat. A TAMA, then, is any assem-
blage of molecules or atoms in which D(r) is not constant.

Considering the special case of variations in D(r) for
which the gas is in quasi-equilibrium and accounting for
both l0 and L0, Eq. 6 reduces to

D(r) = C2
nr

2/3 l0 < r < L0. (7)

The regime where l0 < r < L0 is known as the inertial sub-
range of turbulence. A power spectrum can be calculated
for Eq. 7, and is given by the von Karman spectrum

f(κ) = 0.033C2
n(κ2 + κ2

o)
−11/6 exp

(
−κ

2

κ2
i

)
with κi = 2π

lo
the inner scale (in frequency) of turbulence,

κo = 2π
Lo

the outer scale (in frequency). With regards to op-
tical propagation, the inner scale is the highest frequency
at which turbulence structures are supported. Turbulence

spectra with an 11/3 dependence in the inertial subrange
are known as Kolmogorov spectra. Also note, TAMAs need
not be in quasi-equilibrium; we present the Kolmogorov
spectrum because it is widely used and facilitates calcula-
tion.

2.4.2. Turbulence strength

In Kolmogorov’s structure function model of atmospheric
turbulence, turbulence strength is simply C2

n in Eq. 7.
Unfortunately, C2

n must be measured in-situ which, for as-
trophysical TAMAs, is problematic. Hence, two other mea-
sures, calculable from the propagating beam, are commonly
used to infer turbulence strength, both of which are based
on the Rytov approximation and a Kolmogorov spectrum
(Sasiela 2007; Andrews & Phillips 1998).

The first is Fried’s parameter, r0, which is an estimate of
phase variation in the beam. Theoretically, Fried’s param-
eter is proportional to the zeroth moment of C2

n (Sasiela
2007), i.e.

r0 =

(
0.423k2

0

∫ ∞
0

dz C2
n(z)

)−3/5

(8)

Experimentally, Fried’s parameter can be estimated from
wavefront sensor data, which in the case of the gradients
measured by a Shack-Hartmann wavefront sensor, is given
by (Brennan & Mann 2010)

σ2
∇ϕLMS = 0.17

(
d

r0

)5/3

(9)

where d is the subaperture size and σ2
∇ϕLMS is the variance

of the wavefront sensor gradients.
The second common estimate of turbulence strength is

Rytov’s parameter, σ2
χ, which is an estimate of scintilla-

tion in the beam. Theoretically, Rytov’s parameter is pro-
portional to the 5/6th propagation moment of C2

n (Sasiela
2007), i.e.

σ2
χ = 0.5631k

7/6
0

∫ ∞
0

dz C2
n(z)z5/6. (10)

Experimentally, Rytov’s parameter cannot be directly mea-
sured, but can be inferred from the scintillation index
(Andrews & Phillips 1998)

σ2
lnI :=

σ2
I

〈I〉2
(11)

where I is the intensity, σ2
I the variance of intensity, and

〈I〉 the mean. At low scintillation, σ2
lnI ≈ 4σ2

χ.

2.4.3. The inner scale of turbulence

The inner scale of turbulence is the characteristic length at
which bulk velocity is converted to heat. In this sense, it is
a thermodynamic quantity.

There are relatively few measurements of the inner scale
compared to the number of measurements of r0, although
recently Farrell et al. (2012); Brennan & Mann (2010) have
published measurements of the inner scale at low altitude in
daylight including means to estimate the inner scale using
propagating beam parameters. They found l0 = 1− 5mm.

4
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There are no known measurements of the inner scale for
astrophysical TAMAs. So, even though it is central to exact
calculation of branch point creation, dearth of measurement
and calculation leads us to proceed in the remainder of the
paper with the benign assumption that inner scale is finite
in astrophysical TAMAs.

In AO applications, ϕRot = 0, and turbulence strength
equates directly to Fried’s parameter. However, under ex-
tended propagation, Oesch et al. (2012a) demonstrated that
the inner scale of turbulence has as large an impact on
branch point creation as C2

n. Interestingly, this observation
ties branch point formation to a thermodynamic property
of the TAMA.

2.5. Turbulence-induced POAM

Jackson (1975) noted for a traveling wave with electric and
magnetic components, E and B, respectively, and trans-
verse spatial coordinates r, that r×E×B 6= 0 is sufficient
to indicate the existence of POAM. This implies a com-
ponent of the field in the direction of propagation. The
component of the electric field in the direction of propa-
gation causes the instantaneous Poynting vector to spiral
about the direction of propagation, and leads to 2π circula-
tions in phase. The electric field then has the characteristic
proportionality of

E ∝ em2πϕ. (12)

with m an integer and ϕ the azimuthal coordinate.
Allen et al. (1992) demonstrated both that POAM can

be carried by L-G beams and that these beams can be easily
created in the laboratory by conversion of H-G beams. The
conversion takes place by propagating through two cylindri-
cal lenses, and note that the phase imparted by the cylin-
drical lenses is smooth. Sanchez & Oesch (2011a,b) and
Oesch et al. (2012c) have demonstrated that atmospheric
turbulence is also a conversion process, creating non-zero
POAM, although unlike the cylindrical lenses in the H-G
to L-G conversion, the conversion here is spatially localized.

Two notes in passing. First, the type of turbulence spec-
trum, e.g. Kolmogorov, is irrelevant to whether POAM is
created. The type of spectrum does, however, affect both
z0 and ρ, and an assumption of a Kolmogorov spectrum
is useful in that it allows for calculation. Secondly, the
atmosphere is a thin disturbance, and, as such, imparts
only phase to beams propagating through it. Thus for any
thin TAMA, including the atmosphere, intensity fluctua-
tions and branch points appear only with additional prop-
agation.

2.6. Measurement of POAM

2.6.1. POAM detection via momentum transfer

POAM can be detected via momentum transfer. POAM has
also been shown to induce rotation in particles (Parkin
et al. 2006). In laboratory experiments, particles were
suspended within optical tweezers and bombarded with
POAM; the particles were shown to gain and lose momen-
tum in h̄ increments.

2.6.2. POAM detection via phase

Electric fields carrying POAM have an instantaneous
Poynting vector that spirals about the direction of prop-
agation causing the phase of the electric field to have the
characteristic circulation in phase shown in Eqs. 3 and 12.
Using this fact, wavefront sensors can be used to detect the
existence of POAM.

For Laguerre-Gaussian beams, Leach et al. (2006);
Murphy et al. (2010) demonstrated the POAM state can
be measured with a Shack-Hartmann wavefront sensor.
Specifically, given an L-G beam carrying mh̄ of momentum
per photon, a SH WFS measures gradients which, when
summed about the optic axis, return m2π from which the
OAM state can be inferred.

In creating L-G beams, great pains are taken to pre-
pare the beam in a single state and also ensure the state
is centered on the optic axis. This creates a beam with a
single circulation in the center of the field (see Fig. 1(a)).
In contrast, creation pairs are created randomly through-
out the field. A fundamental problem with applying Leach
et al. (2006); Murphy et al. (2010) results to turbulence-
induced POAM (Sanchez & Oesch 2011b; Oesch et al. 2010)
is that for turbulence-induced POAM, because of creation
pairs, the effect can be highly localized and hence, the rel-
ative sizes of ∆ and δ with respect to the wavefront sen-
sor’s subaperture size is quite different. For an L-G beam,
δ = ∆ = ∞ (see Fig. 1a), so that d � δ, and this allows
for high precision measurements of L-G beams as in done
in Leach et al. (2006).

For turbulence-induced POAM, δ is finite, starting ini-
tially at zero and increasing with propagation whereas ∆
decreases with increasing propagation (see Fig. 3). This
poses two separate problems for detection with a wavefront
sensor with fixed subaperture size, d. First, at creation and
for some distance thereafter, δ � d and this makes the cre-
ation pair unmeasurable. Second, with sufficient propaga-
tion (or a sufficiently large TAMA), eventually δ > ∆ ≈ d,
and this makes measurement of branch points via Eq. 3 im-
possible. The first is a problem for laboratory sensors, the
second for measurement of astrophysically created POAM.
The latter is addressed in Section 4 and applied in Section 5.

3. Galactic TAMA and the creation of angular
momentum

An astrophysical TAMA is any assemblage of molecules
or atoms for which D(r) is not constant. This includes
clouds in the inter-stellar space, clouds in the inter-galactic
space, circumstellar envelopes, circumstellar disks, molecu-
lar clouds, stellar nurseries, or nebula of any kind. Although
as yet uncalculated, on physical grounds, D(r) will vary
widely between each with, for instance, the shocks associ-
ated with some circumstellar envelopes vastly different than
clouds in the inter-galactic medium.

At this point, using our previous results, it becomes triv-
ial to demonstrate that electromagnetic waves propagating
through astrophysical TAMAs contain a large fraction of
non-zero POAM. Turbulence creates POAM. Turbulence
is captured in the expression given by Eq. 6 which relates
the structure function to spatial variability in the index of
refraction. Density fluctuations lead to those index of re-
fraction fluctuations.
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Galactic TAMAs obviously have density fluctuations,
but how do those fluctuations compare to density fluctu-
ations in Earth’s atmosphere? This can be established by
noting that the permittivity is related to the index of re-
fraction by

n2(r) =
ε(r)

ε0(r)
(13)

with the dielectric constant given by ε = κε0. The dielec-
tric constants for gases apropos to this study are given in
Table 1. At standard temperature and pressure, the dielec-
tric constant (index of refraction) of hydrogen is approx-
imately 1/2 that of air at optical wavelengths. Thus, for
a light beam incident on a TAMA of molecular hydrogen
compared to turbulent air with the same turbulence distri-
bution,

nH2

nair
=

√
254

536
. (14)

Then, suppose two identical propagating beams are inci-
dent on two gases with identical turbulence distributions
with the first gas pure molecular hydrogen and the second
air. Because of the similarity in dielectric constants, the
POAM creation observed in Earth’s atmosphere will also
occur in turbulent gaseous hydrogen. This is true for other
low atomic mass unit gases as well (see Table 1 where the
dielectric constants for hydrogen, helium, air, N2 and O2

are enumerated).
Since the cosmos is comprised of approximately 80% hy-

drogen and since spatial variation in cloud density is ubiqui-
tous, the underlying physical mechanism for the creation of
POAM exists in the interstellar medium. Therefore, prop-
agation of light through the interstellar medium will result
in the creation of POAM. Since hydrogen is so prevalent
in the cosmos, the question, then, is not “will POAM be
created?” but “where and with what flux?”.

In answer, the flux exists in all optical waves propagat-
ing through TAMAs and, to first order, has a magnitude of
the creation efficiency times the total flux. This is the major
result of this paper. It follows from theory (Sanchez & Oesch
2009, 2011a,b) simulation and laboratory data (Oesch et al.
2012a; Oesch & Sanchez 2012; Oesch et al. 2012d, 2010)

Quantifying the result (existence of POAM) is very
much more difficult, because to do so requires specific
knowledge of the spectrum which requires specific knowl-
edge of D(r), which, as previously mentioned, is generally
not known. If we assume systems anywhere near equilib-
rium, the spectrum will be approximately Kolmogorov, and
the POAM production would then be relatable to our labo-
ratory results via C2

n. Since in this initial paper, we are only
concerned with establishing that POAM is created, this is
not a limitation. Later papers will address the POAM pro-
duction rates of the above mentioned TAMAs.

4. Estimation of the POAM flux

In a beam in the m = 0 state propagating through atmo-
spheric turbulence, the turbulence induces a conversion in
the beam and creates non-zero POAM states, similarly to
the means by which cylindrical lenses along with proper
propagation convert an H-G beam to an L-G beam (Allen
et al. 1992). In this section, the conversion ratio of zero to

Table 1. Dielectric constants at 273oK and 1 atmosphere.

Constituent (κ− 1)× 10−6

Earth’s atmosphere
Nitrogen 549
Oxygen 494
air 536

Astrophysical TAMAs
Hydrogen 254
Helium 65

non-zero states is calculated as a function of parameters ex-
perimentally measurable with AO sensors. As this has not
been previously calculated, we do so here to first order. No
doubt, this first order result will be refined with additional
work, but here, it allows us to make an order of magnitude
estimate of the number of astrophysical photons carrying
POAM.

For this calculation, we assume a plane wave incident
on TAMA followed by additional propagation with total
propagation being much larger that the size of the TAMA.

4.1. Measurement of astrophysical POAM

Since momentum transfer detectors for POAM do not yet
exist, we resort to phase measurements for measurement of
astrophysical POAM. In particular, analysis will be done for
data taken with a Shack-Hartmann wavefront sensor. Doing
so will make the calculation useable for the measurements
of the on-sky fluxes presented in Section 5.

4.2. Establishing η

To first order, one can assume that the zero to non-zero
POAM conversion is in the same proportion to the phase
conversion from the m = 0 to the m = ±1 states. As such,
the creation efficiency is the ratio of the size of the elements
in HRot to H. Letting η denote the ratio,

η =
[[HRot]]

[[HLMS ]] + [[HRot]]
(15)

where [[·]] is notation for “the size of” for a given realization
of turbulence, and the orthogonality of the Hilbert spaces
was used to separate the spaces in the denominator.

To quantitatively establish what “the size of” means,
turbulence is a random process in index fluctuations, which
makes the gradients random variables. The size of a random
variable can be equated to its norm (Gikhman & Skorokhod
1969). A natural norm for an element in a Hilbert space is
the square of the inner product, i.e.

||∇ϕ(xi)|| = 〈∇ϕ(xi),∇ϕ(xi)〉2 (16)

with || · || the norm, xi the coordinate, and 〈·, ·〉 the inner
product of H. Then, for a given turbulence realization, call
it R and a given source-TAMA-detector geometry, creation
pairs exist at the detection plane. Let HLMS = {∇ϕLMS}
and HRot = {∇ϕRot} be the sets of gradients for this re-
alization. Then, ∇ϕLMS ∈ HLMS ⊂ HLMS and ∇ϕRot ∈
HRot ⊂ HRot. A wavefront sensor discretizes the beam. Let
N be the number of wavefront sensor subapertures and xi
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the subaperture locations. Then, measure the size of the
non-zero elements in each set as follows:

[[HLMS ]] =
N∑
i=1

||∇ϕLMS(xi)|| (17)

[[HRot]] =
N−1∑
i=1

||∇ϕRot(xi)|| (18)

[[HLMS ]] and [[HRot]] are estimates of the size of the
nonzero elements in HLMS and HRot, respectively.

To first order, the ratio of non-zero to zero POAM pho-
tons is given by

η =

∑N−1
i=1 ||∇ϕRot(xi)||∑N−1

i=1 ||∇ϕRot(xi)||+
∑N
i=1 ||∇ϕLMS(xi)||

(19)

This expression can be used on experimental astrophysical
data.

4.3. Theoretical calculation of η

Using Eq. 19, a theoretical estimate can be made for η.

4.3.1. Estimating [[HRot]]

When observing near zenith, [[HRot]] = 0. Under these con-
ditions, Eq. 17 can be estimated using Eq. 9. Under our
stated assumption of a plane wave propagating through
TAMAs followed by additional propagation, r0 does not
vary with the additional propagation (see Eq. 8). Hence,

[[HLMS ]] ∝


r
−5/3
0 for0 < z < z0

r
−5/3
0 forz0 < z < zss

r
−5/3
0 forzss < z < zρmax

1/z forzρmax < z <∞

(20)

That is, [[HLMS ]] is constant until the beam begins to di-
verge.

4.3.2. Estimating [[HRot]]

Fried (1998) demonstrated that the noise-free rotational
phase can be written

φhid = Im

{
NBP∑
k=1

hk log [(x− xk) + i(y − yk)]

}
(21)

where NBP is the number of branch points, hk is the helic-
ity of the kth branch point, (x, y) are the coordinates, and
(xk, yk) are the locations of the branch points. As a theoret-
ical exercise, we assume that the creation pairs are known,
i.e. hk and {(xi, yi)}i=1,NBP

are known. Let 〈δ〉 be the beam
intra-pair separation for realization R and σ2

pair the phase
variance of a creation pair with the mean separation, then∑

α

∣∣∣∑
k

hαgk

∣∣∣2 = Npσ
2
pair. (22)

Note in passing that a Shack-Hartmann wavefront sensor

measures ∇Im
{∑NBP

k=1 hk log [(x− xk) + i(y − yk)]
}

yield-

ing for a result |
∑
α

∑
k hαgk| which, by Schwartz’s inequal-

ity, will underestimate the result of Eq. 22. In the case of

δ � ∆ ≈ 10d this will greatly underestimate [[H]] because
the phase averages to zero over the size of the subaperture.

As a theoretical exercise, when branch points are known,
Np = Aρ where A is the area of the pupil and ρ the branch
point density given by Eq. 4. Combining Eqs. 18 and 22,
one gets

[[HRot]] =
∑
α

∣∣∣∑
k

hαgk

∣∣∣2 ≈ Npσ2
pair ∝ ρ. (23)

Then, by Eq. 4, to first order, [[HRot]] can be estimated as

[[HRot]] ∝


0 for0 < z < z0

z11/6 forz0 < z < zss

zα(z) forzss < z < zρmax
1/z forzρmax < z <∞

(24)

where α(z) bridges the gap between the unsaturated (z0 <
z < zss) and saturated regimes (z > zmax).

4.3.3. Estimating η

Combining Eqs. 20 and 24, one obtains as a theoretical
estimate of η

η ∝


0 for0 < z < z0

ρ ∝ z11/6 forz0 < z < zss
zαmax

zαmax+r0
< 1 forzss < z < zρmax

1 forzρmax < z <∞

(25)

where αmax is the value of α(z) at which ρBP is a maximum;
experimentally, Oesch et al. (2012b) found αmax occurs at
σ2
χ ≈ 0.65 (see Fig. 4). Recall, this is a first order estimate

which discounts saturation. On physical grounds, when sat-
uration is accounted for, η will approach some fraction less
than one; this is seen in the experimental data.

4.4. Comparison of theoretical and experimental data

The POAM fraction for atmospheric data can be calcu-
lated directly from experimental data via Eq. 19. Doing
so, one can then compare Eq. 25 to experiment. [[HLMS ]]
and [[HRot]] are thus calculated in Fig. 5(a) for the data
included in Fig. 3, as well as, in Fig. 5(b) for a wave optic
simulation which uses the same turbulence parameters but
over an extended propagation distance.

Figure 5(a) plots [[H]] over a 15 Km path for eleven val-
ues of turbulence strength as measured by r0 with each line
denoting a single r0. [[HLMS ]] is shown in blue. Note that
for each r0, [[HLMS ]] is constant, but increases with increas-
ing r0; this is in accord with the theoretical results of Eq. 20.
[[HRot]] is shown in black. Note, for all turbulence strengths,
[[HRot]] is initially zero, then grows approximately quadrat-
ically until beginning to saturate at the highest values in
accordance with the prediction in Eq. 24.

In Fig. 5(b), [[H]] is plotted versus propagation distance
for varying values of the inner scale. Similar behavior to
that observed to Fig. 5(a) at the shortest distances, but
appears to reach saturation and decrease at the highest
distances.

For the data in Fig. 5, the POAM fraction is calculated
using Eq. 19 and plotted in Fig. 6 with the 15 Km data
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on the left and 150 Km on the right. The POAM flux is
zero until z0, grows quickly until an inflection point near
zss, grows less quickly until saturation around η = 0.55,
then remains about that value for the remainder of the
propagation.

4.5. Multiple TAMAs and measurement of POAM

If the atmosphere is layered or when propagating in the cos-
mos, the propagating wave will encounter multiple TAMAs.
For multiple TAMAs or if the atmosphere is layered, to first
order, the ratio of POAM to non-POAM photons is given
by

η =
[[HRot,1 ⊕HRot,2 ⊕ · · · ]]

[[HRot,1 ⊕HRot,2 ⊕ · · · ]] + [[HLMS,1 ⊕HLMS,2 ⊕ · · · ]]
(26)

The net effect of multiple TAMAs is to increase η. Whereas
in later works, it will become important to determine where
POAM is created along the propagation path, in this work,
it suffices to assert that astrophysical POAM exists and this
is captured equally well by either Eq. 25 or Eq. 26.

5. On-sky measurement of POAM flux

Our previous laboratory results and theoretical considera-
tions lead us to believe that there is an abundant supply of
POAM in the galactic disk. In this section, we discuss how
this flux can be measured using existing instrumentation,
then present the first observations to do so.

(a) (b)

Fig. 5. [[H]] plotted versus propagation distance using our pre-
viously published branch point data. (a) Experimental data from
the 121 data sets used in Fig. 3. (b) Data from wave optic sim-
ulation using the same turbulence parameters as in (a).

(a) (b)

Fig. 6. η plotted versus propagation distance using the results
in Fig. 5. (a) Experimental data from the 121 data sets used
in Fig. 3. (b) Data from wave optic simulation using the same
turbulence parameters as in (a).

5.1. Ideal candidate stars

The goal is to measure the POAM flux within a total pho-
ton flux of astrophysical sources. We choose to do so by
observing stars. We do this for two reasons. First, properly
chosen, stars are point sources, and hence the star itself
contains no ϕRot. Second, stellar photon fluxes are steady
although not necessarily constant.

The light from ideal candidate stars propagates through
an intervening TAMA. Hence, the candidate stars, ide-
ally, are embedded in a non-luminescent dense TAMA.
Under these conditions, the physical mechanisms presented
in Sections 2, 3, and 4 guarantee that POAM will be cre-
ated.

T Tauri stars, with their circumstellar disks, make fine
candidates. In addition, stars behind, but along the same
line of sight as, proto stellar TAMAs make good candidates.
For instance, O type stars, with their short lifetimes, pre-
clude significant clearing of their local neighborhood and
would appear to make good candidate stars.

These stars must also be bright, 5th magnitude or
brighter for our AO system, implying that the stars reside
within a few hundred parsecs of the sun.

Also, whether the star itself contains a non-zero POAM
flux is irrelevant. There are indications that POAM can
be created intrinsically by the sun (Uribe-Patarroyo et al.
2011) which necessarily implies this occurs in other stars, as
well, and this would make the POAM flux from most stars
non zero. For these observations, the mechanism of POAM
creation is irrelevant, that it exists is sufficient. Obviously,
later works will address the “where” more carefully.

5.2. Data collection

The data required for calculation of η are phase gradients
and these are obtained from open loop Shack-Hartmann
wavefront sensor data. These gradients are the system’s
calibrated gradients, i.e. the gradients found after, for in-
stance, camera flats and gradient references, but before
being fed to the AO system’s phase reconstructor (which
would remove ∇ϕRot).

These gradients, being intermediate quantities in an as-
tronomical AO system, are not typically available to the
experimenter. Special consideration must be taken to en-
sure that they are stored to disk for later use.

5.3. Calibration of the signal

We plan for the possibility that unknown biases exist in
measurement and processing of the data. For instance, Elias
(2012) demonstrates that in the radio, aberrations in the
telescope can produce measurement bias of up to 10% for
the Very Large Array; similar analysis has not yet been
done for instrumentation in the visible, although a noise
floor of 4% was found in our measurements(see §5.5.3). To
account for this, we assume that any such biases are linear
and can be removed through the use of reference stars. (For
the record, we fully intend to identify if biases exist and
remedy them in subsequent observational runs.)

Reference stars are those likely to produce a low POAM
flux. The physics dictates that the reference stars share a
line of sight to a candidate star, but are much closer, i.e.
preferably nearby to the sun. Close proximity to the sun
minimizes the chance of an intervening TAMA corrupting
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the reference measurement. A common line of sight ensures
two things, a statistically identical sampling of Earth’s at-
mosphere, as well as, common instrumentation orientation
of the detectors for both measurements.

In addition, the reference star is ideally a late type star,
e.g. G. These stars are stable and long lived which clears
their local neighborhood of their proto-stellar cloud.

5.4. Data processing

Estimation of the POAM flux can be done as presented
in Section 4 using Eqs. 15, 17, and 18. For each frame of
wavefront sensor data, the gradients are assigned to either
HLMS or HRot via PRot and PLMS . The estimate of HRot

and HLMS for this turbulence realization is then

HRot = PRot · g (27)

HLMS = PLMS · g = (1− PRot) · g. (28)

where g are the measured gradients. The estimates of
[[HRot]] and [[HLMS ]] are then calculated using Eqs. 17
and 18.

5.5. Measurement of astrophysical POAM fluxes

An ad hoc set of observations to measure astrophysical
POAM was proposed to our colleagues at the Starfire
Optical Range and they agreed to observe, on a non-
interference basis, stars from a list that we provided to
them, and they, in turn, provided to us raw WFS cam-
era frames, as well as gradients. In this way, we obtained
10 data sets for 5 stars. The purpose of these observations
is merely to verify that a POAM signal exists.

The observations were conducted on the Starfire Optical
Range’s 3.5m telescope located on Kirtland AFB, NM using
the natural guide star AO system with a Shack-Hartmann
wavefront sensor at 450− 650 nm with 24x24 subapertures
and a 2 KHz open loop frame rate. The wavefront sensor
resides in the coudé room.

5.5.1. The star list

Five stars were chosen. Our list includes a T-Tauri star,
49 Ceti, and another embedded in the Orion nebula,
HR 1895. HR 1895 is an O type star at 490 pc, and 49 Ceti
is an A type star at 61 pc. Three additional stars were cho-
sen: HR 1529, a K type star at 72 pc, HR 1588, a K type
star at 157 pc and HR 1784, a G type star at 53 pc. The
star list is shown in Table 2.

With these stars we intend to establish both the system
noise floor and measurement precision, then compare the
stars against them.

5.5.2. Calculation of the raw POAM fluxes

For each observation, 40, 000 frames of open loop wave-
front sensor data were taken. For each 40, 000 frame data
set, a logical mask was created from the saved gradients.
The mask includes points within the pupil and excludes the
secondary and its struts. For each data set, a projection op-
erator is created as detailed in Section 5.4. Then for each
frame, HRot and HLMS are calculated via Eqs. 27 and 28.
[[HRot]] and [[HLMS ]] are calculated via Eqs. 17 and 18 and
η is estimated using Eq. 15.

The result for a single dataset is shown pictorially in
Fig. 7 for HR 1577 taken at 103941Z on 20111031. On
the left, [[HRot]] and [[HLMS ]] are plotted versus iteration
number. Note the large fluctuations in [[HLMS ]]. These are
caused by atmospheric phase fluctuations. On the right, the
conversion ratio for each frame calculated via Eq. 15.

The result for all data sets is tabulated in Table 3. A
summary is given in Table 4.

5.5.3. Establishing the noise floor

Consider the lowest two fluxes, 0.03 and 0.04. Of the nine
measurements, these occur five times. Then note the stan-
dard deviation of each is about 5× 10−3.

To a few sigma, we assume with confidence that the
noise floor of the system is η = 0.03−0.04. For the remain-
der of the paper, we consider it to be η = 0.04.

5.5.4. Evaluation of the sources

The sources can then be evaluated against the noise floor.
HR 1529 shows the highest raw flux above the noise

floor. With a mean value of η = 0.07 and a standard de-
viation of 0.011, it lies approximately 3σ above the noise
floor. 49 Ceti’s POAM flux is η = 0.06 with a standard
deviation of 0.009. It lies approximately 2σ above the noise
floor. HR 1577 and HR 1784 lie at the noise floor.

HR 1895 is unusual. Of the three data sets, two lie
within 1σ of the noise floor, but the mean of the third,
taken at 20111101 − 100929, is η = 0.17 ± 0.02, making
it well above the noise floor. The cause of this large vari-
ation over a three day period is unknown, although fur-
ther analysis (Oesch et al. 2013c) has shown that the 0.17
dataset is definitely signal. If the mean of the three is taken,
HR 1895 has a POAM flux of 0.09, well above the noise
floor. However, since the cause of this large variation over
a three day period is unknown, until further examination is
done, straightforward application of the mean seems ques-
tionable.

In summary, subtracting the noise floor, two of the five
stars, HR 1529 and HR 1577, show POAM fluxes of η =
0.03 and η = 0.02 with certainty of 3σ and 2σ, respectively.
Also, one of the three HR 1895 datasets, η = 0.17 is well
above the noise floor.

5.5.5. Discussion of the on-sky data

With two of the five measurements showing signal, and
an additional single data set of HR 1895 showing signal,
the ad hoc experimental results indicate corroboration with
theory and laboratory results. Since both theory and lab-
oratory results definitively demonstrate that turbulence-
induced POAM flux exists, we are highly encouraged that
we have measured an astrophysical POAM flux. However,
there remain issues for discussion.

Effect of Earth’s atmosphere on the data - 1 Earth’s atmo-
sphere is a near TAMA which, for observations near zenith,
[[HRot]] = 0 and [[HLMS ]] 6= 0. If we consider two TAMAS,
Earth’s atmosphere and an astrophysical TAMA and apply
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Table 2. Star list.

Star mv Spectral Distance R.A. Decl. Aliases
type (pc) (J2000) (J2000)

HR 1529 5.6 K2III 72 04 49 13 31 26 15 HIP 22393
HR 1577 2.7 K3IIvar 157 04 56 59 33 09 58 HIP 23015
49 Ceti 5.6 A1V 61 01 34 38 -15 40 36 HIP 7345
HR 1895 5.1 O6pe 490 05 35 16 -05 23 23 HIP 26221, Trapezium
HR 1784 4.1 G8III 53 05 23 57 -07 48 29 HIP 25247

(a) (b)

Fig. 7. Sample plot of the open loop data for HR 1577 taken on 2011-10-31. (a) [[HLMS ]] in blue and [[HRot]] in black. (b) η for
the data in (a). Note the variability in [[HLMS ]] caused by atmospheric turbulence.

Table 3. Tabulation of [[HLMS ]], [[HRot]] and η for all datasets.

Star name Date - Time [[HLMS ]] [[HRot]] Altitude η
(YYYYMMDD - Z) (counts / 1010) (counts / 1010) (degrees)

mean std mean std mean std
49 Ceti 20111014 - 044418 24.1 2.06 1.5 0.28 19 0.06 0.009
HR 1529 20111031 - 104152 8.5 1.15 0.7 0.06 83 0.07 0.011

20111101 - 102320 9.6 1.27 0.6 0.06 80 0.06 0.008
HR 1577 20111031 - 103941 6.9 1.11 0.3 0.03 83 0.04 0.006

20111101 - 101945 7.5 0.93 0.3 0.02 82 0.03 0.004
HR 1784 20111101 - 101256 11.9 1.44 0.4 0.05 46 0.04 0.006

20111104 - 094613 13.0 1.68 0.4 0.04 44 0.03 0.005
HR 1895 20111101 - 100929 16.4 1.96 3.3 0.44 47 0.17 0.017

20111103 - 112652 0.6 0.07 0.8 0.07 42 0.05 0.007
20111104 - 094139 13.0 1.49 0.6 0.05 46 0.04 0.005

Eq. 26, one obtains

η =
[[HRot,star]]

[[HRot,star]] + [[HLMS,star ⊕HLMS,atmos]]
(29)

The magnitude of this additional term can be large (see
Fig. 7). Since the additional phase only appears in the de-
nominator, the net effect is to lower the measured conver-
sion ratio from the star’s actual ratio. Since non-negligible
POAM fluxes were measured and the purpose here is to
merely detect a POAM flux, this reduction is not a prob-
lem for these initial observations.

Effect of additional POAM sources on Eq. 15 If there were
multiple astrophysical TAMA, the net effect would be to
increase the creation efficiency. This effect is captured in
Eq. 26.

49 Ceti and HR 1895 were chosen for their proximity to
known TAMAs. If another TAMA exists along the line of
sight to these two stars and as a result, additional POAM
flux is carried by the beam, for these first set of measure-
ments with purpose to merely detect the POAM flux, this
would be acceptable. In later observations, a means to esti-
mate the number of and magnitude of intervening TAMA
would be useful.

Effect of Earth’s atmosphere on the data - 2 Earth’s atmo-
sphere adversely affects ground based astronomical imag-
ing by corrupting the phase of the source beam. Since the
genesis of AO (Fugate et al. 1991), the assumption of a
phase-only disturbance has been shown to be remarkably
good. This assumption appears implicitly through the use
of Eq. 15. and is equivalent to [[HRot,atmos]] = 0. However,
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Table 4. Mean creation efficiency for each star.

Star mv Spectral Conversion ratio
type 〈η〉 ση

HR 1529 5.6 K2 0.07 0.009
49 Ceti 5.6 A1 0.06 0.009
HR 1577 2.7 K3 0.04 0.005
HR 1895 5.1 O6 0.09 0.010
HR 1784 4.1 G8 0.04 0.005

if the atmosphere is particularly turbulent, then the possi-
bility exists that [[HRot,atmos]] 6= 0.

In an attempt to explain the measurement of HR 1895
on 20111101 at 100929Z which produced η = 0.17, this
must be considered. HR 1895’s altitude at this time is
47◦. During the measurement, if there were particularly
bad atmosphere, the inverse of Fried’s “Lucky Imaging”
(Fried 1977), then perhaps Earth’s atmospheric turbulence
could create hidden phase in the propagating beam causing
[[HRot,atmos]] > 0. If this were true, the one “good” data set
from HR 1895 could merely be noise from the atmosphere.
Establishing the veracity of this possibility from our current
data is not possible. But note, the data sets are 20 seconds
in duration which would tend to mitigate a short, unlucky
event. Calculation of the probability of a Fried-type “un-
lucky” event over twenty seconds is beyond the scope of this
paper. However, this analysis does suggests that additional
calibration is required in future measurements of HRot.

Effect of an extended object on the measurements The Orion
nebula (NGC 1976) is a bright extended object, approx-
imately 65 arc minutes in extent with a visual magni-
tude of mv = 4. For a 3.5m telescope, it is not a point
source, implying HLMS,NGC1976 6= 0. Since HR 1895 is
embedded in NGC 1976, measurements of it will con-
tain gradients from the nebula. The net effect is captured
in Eq. 29 as when considering Earth’s atmosphere, and
this is to lower the measured conversion ratio from the
star’s actual ratio, i.e. the denominator of Eq. 15 would
go to [[HRot +HLMS +HLMS,NGC1976]]. Again, since non-
negligible POAM fluxes were measured, this reduction is
not a problem for these initial observations. This, however,
should be accounted for in future observations, but does
not alter our stated results.

The Shack-Hartman wavefront sensor gain curve and its im-
pact on our measurements Shack-Hartman wavefront sen-
sors estimate gradients non-linearly, so that for small tilts,
the estimation of the gradient is quite good, but for large
tilts, the estimation saturates to a constant value. This
gives Shack-Hartman wavefront sensors a high dynamic
range which is ideal for imaging, but for our measurements
here, this means that calculation of [[HLMS ]] and [[HRot]]
will saturate, as well.

For the data presented here, there is no means to de-
termine the extent of the saturation. However, in future
experiments, this issue must be corrected, and can easily
be done through, for instance, the use of a higher density
wavefront sensor. Doing so, of course, will be at the expense
of reduced sky coverage.

The effects of instrumentation on the measurement Elias
(2008, 2012) demonstrated that instrumentation affects the
measurement of POAM and notes that polarization (spin
angular momentum) can be measured as orbital angular
momentum. The degree to which this occurs can depend
on the azimuth and elevation of the telescope, as well as,
the optics leading to the detector. For this first set of mea-
surements, we assume that a proper choice of reference stars
addresses this issue. This assumption bears close scrutiny.
Our analysis in Sections 5.5.2–5.5.4 merely established a
noise floor of the device without regard to lines of sight.
Considering lines of sight, the nearest reference star is ap-
proximately within 10o of a candidate. Whether this is ac-
ceptable will only be known with further analysis, and this
analysis must be a prerequisite for follow-on observations.

It bears study whether the converse is also true, i.e.
that POAM will be measured as polarization. The result
of this analysis can have interesting repercussions, namely
that POAM has been measured for some time by astronom-
ical instruments, but attributed incorrectly.

Chromaticity and measurement of HRot The effect of a
broad spectrum is to smear the gradients in HRot mak-
ing them appear near zero. This will cause the measured
value of [[HRot]] to be underestimated with respect to its
actual value, but, again, as long as [[HRot]] is above the
noise floor, this is not a problem. Filters can be used to
address this problem, but doing so would further restrict
the number of candidate stars.

The effect of ∆ and δ on data collection In the astrophys-
ical regime, ∆ and δ are much larger than those found in
laboratory data. Classic AO wavefront sensor’s subaperture
spacing is tied to Fried’s parameter. Hence, δ � ∆ � d,
so, existing wavefront sensors will measure averaged val-
ues ϕRot. As was discussed in Section 4.3.2, this causes an
underestimation of ϕRot. Additionally, since d � ∆, this
precludes the use of Eq. 3 in identifying branch points. The
full implication of these statements are not yet clear, al-
though over the long term, the solution will be to create
direct OAM detectors tailored for measurement of astro-
physical POAM.

5.6. Summary of the on-sky data

The purposes of this section were to enumerate a means
to measure the astrophysical POAM flux and to present
the results of ad hoc observations. The former is enumer-
ated in Sections 5.1– 5.4, and the latter accomplished in
Section 5.5. Using those techniques, a POAM flux of 2−3%
of the total photon flux with confidence of 2− 3σ. We con-
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sider this to be tentative observational detection of our
theoretical predictions, which are based on our previous
results.

6. Conclusions

Theory, simulation, laboratory, and now on-sky measure-
ments support the thesis that a significant number of astro-
physical POAM photons exist. We are led by our previous
laboratory data to conclude that under the right circum-
stances, the POAM flux will reach approximately half of
the total photon flux but for the on-sky data presented
here, it was found to be as large as 17% of the total photon
flux. Since the conditions for POAM creation are so ubiq-
uitous, we expect to find POAM fluxes existing in varying
strengths throughout the cosmos.
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Chen, X.-S., Lü, X.-F., Sun, W.-M., Wang, F., & Goldman, T. 2008,

Phys. Rev. Lett. , 100, 232002
Elias, II, N. M. 2008, A&A, 492, 883
Elias, II, N. M. 2012, A&A, 541, A1
Farrell, T. C., Sanchez, D. J., Smith, J. C., et al. 2012, Proc. SPIE ,

8520, 85200H
Fried, D. L. 1977, J. Opt. Soc. Am. , 40, 1651
Fried, D. L. 1998, J. Opt. Soc. Am. A, 15, 2759
Fried, D. L. & Vaughn, J. L. 1992, Appl. Opt., 31, 2865
Fugate, R. Q. 2001, Handbook of Optics, Vol. 3, Adaptive Optics,

2nd edn., ed. M. Bass, J. M. Enoch, E. W. Van Stryland, & W. L.
Wolfe (New York, New York, USA: McGraw-Hill), 1.3–1.52

Fugate, R. Q. et al. 1991, Nature, 353, 144
Gikhman, I. I. & Skorokhod, A. V. 1969, Introduction to the Theory

of Random Processes, 1st edn. (Mineola, New York, USA: Dover
Publications, Inc.), an english translation of the original work.

Harwit, M. 2003, ApJ, 597, 1266
Hemsing, E., Knyazik, A., O’Shea, F., et al. 2012, Appl. Phys. Lett.

, 100, 901110
Hill, R. J. & Ochs, G. R. 1992, J. Opt. Soc. Am. A, 9, 1406
Jackson, J. D. 1975, Classical Electrodynamics, 2nd edn. (New York,

USA: John Wiley & Sons)
Lavery, M. P. J., Berkhout, G. C. G., Courtial, J., & Padgett, M. J.

2011, J. Opt. , 13, 064006
Leach, J., Keen, S., Padgett, M. J., Saunter, C., & Love, G. D. 2006,

Opt. Express, 14, 11919
Mohammadi, S. M., Daldorff, L. K. S., Forozesh, K., & Thidé, B.
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Appendix A: The projection operators – A history
of POAM in adaptive optics

Fugate et al. (1991) created AO, and in doing so, demon-
strated a means to compensate for atmospheric turbulence
through the use of a wavefront sensor and a deformable mir-
ror. The wavefront sensor measures phase and, through pro-
cessing, returns the deformable mirror commands that com-
pensate for the phase disturbance. Since the measurement
contains noise, in order to ensure optimal performance, the
measurements must be filtered; in AO, this process is called
reconstruction of the phase, and the matrix that does the
reconstruction is called the reconstructor.

In retrospect, the AO reconstructor is the keystone that
allowed for creating the projection operator onto HRot.
Sections A.1–A.5 illuminate how this is so.

A.1. Minimization of noise – The first reconstructor

Following Fugate (2001), assume the sensor is a Shack-
Hartmann wavefront sensor; this sensor discretizes the field
and returns phase gradients. Let each discretely measured
element be called a subaperture. For each subaperture, we
wish to estimate the deformable mirror command required
to correct the phase aberration in that subaperture. In this
light, let a be the deformable mirror actuator commands
for all subapertures (i.e. the optical path difference (OPD)
required to remove phase in each subaperture), and let g
be the phase gradients for all subapertures.

Adaptive optics fundamentally assumes that the atmo-
sphere is a smooth disturbance that exists in the pupil of
the telescope, and further that the AO system is optically
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conjugate to the turbulence. Under these assumptions (and
no noise), g is continuous and

g = Γa (A.1)

where Γ is a matrix that converts actuator commands (i.e.
phase) into phase gradients. We need to solve for the de-
formable mirror commands, a, given the measurements g,
and this must be done in the presence of noise. (Note that
under the stated assumptions, the discontinuous part of g
is considered noise.)

Letting â be the actuator commands in the presence of
noise, the minimum error solution in the least mean square
sense is given by the minimization of |g − Γâ|. The solution
is given by

â = Γ†g (A.2)

where Γ† is the pseudo inverse. The left hand side of Eq. A.2
is the AO compensation which returns the optimal phase
for imaging.

Equation A.2 is the reconstruction process and Γ† is the
AO reconstructor.

A.2. Branch points in AO

Fried (1998) when studying the branch point problem in
AO, considered both the gradients associated with â, as
well as, the remainder of the gradients. In doing so, he illus-
trated that the total phase, ϕ is uniquely comprised of two
phases, ϕLMS and ϕRot, with ϕRot caused by branch points,
and further that the gradients of these phases, ∇ϕLMS and
∇ϕRot, are orthogonal i.e. ϕ = ϕLMS + ϕRot with

∇ · ∇ϕ = ∇ · ∇ϕLMS (A.3)

∇×∇ϕ = ∇×∇ϕRot (A.4)

In the terms of the previous subsection, ϕLMS = 2π
λ â;

also, the gradients∇ϕRot are considered noise by the recon-
structor, and hence, are rejected. This fact led Fried (1998)
in his seminal paper to call ϕRot the “hidden phase”.

In the evolution of theory, the phase which was origi-
nally viewed as a least mean square solution to a noise prob-
lem, ϕLMS , now also defines another phase, ϕRot, which is
due to branch points. At this point in conventional wisdom,
since branch points were seen to randomly appear and dis-
appear in all experimental data, they were still considered
a noise problem.

A.3. Branch points as enduring features of the traveling wave

Sanchez & Oesch (2009) and Oesch et al. (2010) later
demonstrated that a component of ϕRot was not noise at all,
but an enduring feature of the traveling wave. That branch
points seemingly randomly appeared and disappeared in
experimental data was shown to be a measurement prob-
lem. Note for clarity, in experimental data, both ϕLMS and
ϕRot contain noise, and while noise must be dealt with when
analyzing data, it is not our concern here.

At this point in the evolution of theory, both ϕLMS

and ϕRot are physical features of the traveling wave, caused
directly and indirectly by turbulence, respectively.

A.4. The two orthogonal Hilbert spaces and the projection
operators

Consider the gradients gâ such that

gâ = Γâ = ΓΓ†g (A.5)

The operator ΓΓ† is a projection of the total gradients, g,
onto gâ. Denote the remainder of the gradients gb̂. Then,

gb̂ = g − gâ = (I− ΓΓ†)g (A.6)

where I is the identity operator. I − ΓΓ† is a projection
operator of g onto gb̂. Brennan (2007 priv. comm. TR-
1648) demonstrated that the gradients gâ and gb̂ define two
orthogonal Hilbert spaces, HLMS and HRot, such that H =
HLMS ⊕ HRot, and he derived a sparse basis for HRot. In
this light, ΓΓ† is a projection operator (called PLMS earlier
in the text) that selects the gradients in HLMS . Similarly,
PRot = I − ΓΓ† is a projection operator onto HRot. Note,
since SH WFSs discretize the phase, PLMS and PRot are
matrices.

In the notation of Fried (1998) and writing the phase in
units of OPD, the gradients gb̂ = ∇ϕRot due to branch
points define a Hilbert space HRot. Since the gradients
are random variables, knowing that the gradients lie in
Hilbert spaces, gives a ready means, through the norm of
the Hilbert space, to estimate their size.

At this point in the evolution of theory, a means was in
hand to estimate the relative quantity of the stochastically
generated non-zero elements in HLMS and HRot (this was
presented as the ratio η earlier in the text).

A.5. POAM in the traveling wave

To complete the history, Sanchez & Oesch (2011a,b) later
established that [[gb̂]] 6= 0 implies that the traveling wave
is carrying non-zero POAM, and realized a short time later,
it would be possible to show that a good fraction, perhaps
most, of the photons in the universe carry non-zero POAM.

Appendix B: Plots of the on sky data

Fig. B.1. 49 Ceti Left column: [[H]]. Right column: η.
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Fig. B.2. HR 1529 Left column: [[H]]. Right column: η.

Fig. B.3. HR 1577 Left column: [[H]]. Right column: η.

Fig. B.4. HR 1784 Left column: [[H]]. Right column: η.

Fig. B.5. HR 1895 Left column: [[H]]. Right column: η.
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POAM in starlight:
Analysis of Seven Years of SAM measurements
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ABSTRACT

At the Starfire Optical Range in 2011, the first measurements of photonic orbital angular momentum in starlight
were made. Although that survey conclusively demonstrated that POAM exists in starlight, the survey was
limited. We have subsequently obtained access to the SAM data archive with its seven years of data. Here the
SAM data is analyzed to include the two metrics, branch point density, ρ, and the conversion efficiency η, that
were used in the analysis of the 2011 observations.

Keywords: branch points, density, atmosphere, turbulence, adaptive optics

1. INTRODUCTION

Investigation of turbulence-induced photonic orbital angular momentum (POAM) has been central to the Atmo-
spheric Simulation and Adaptive-optics Laboratory Testbed (ASALT) research for the past eight years. ASALT’s
work began with benchtop experiments1,2 utilizing a two layer atmospheric turbulence simulator (ATS)3 which
were later replicated in simulations.4 Field experiments followed, demonstrating that POAM could be measured
in distributed turbulence with a monochromatic source.5

In 2011, observations of a small number of stars were conducted using the Starfire Optical Range (SOR)
3.5 m telescope and natural guide star adaptive optics (AO) system. This limited set of observations successfully
measured POAM in starlight.6,7

Since 2008, the Starfire Optical Range Atmospheric Monitor (SAM)8 has been collecting data on the tur-
bulence conditions for SOR using the light from bright stars. This effort has amassed a database of more than
100,000 observations. Here, the SAM data is processed using two metrics that quantified the POAM content of
the light in the 2011 observations; the branch point density and the conversion efficiency. These results are then
used to gain insight into the physics underlying the formation and propagation of POAM in the wavefront.

This paper presents a brief background on turbulence-induced POAM with the original benchtop experiments
conducted by the ASALT laboratory in Sec. 2. The SAM instrument is detailed in Sec. 3 and the standard
turbulence parameters measured through the eight years of observations are presented in Sec. 4. Sec. 4 also gives
the POAM metric estimates from processing the SAM data and then these results are examined more closely in
Sec. 5. The paper is summarized in Sec. 6.

2. BACKGROUND

A wavefront propagating through the atmosphere acquires POAM as a normal part of the interaction of light
and the turbulent medium.9,10 POAM in the wavefront arises from the azimuthal component of the field.11 For
turbulence-induced POAM this is indicated by branch points. Branch points are characterized in the wavefront
by a point of zero intensity around which the phase circulates through [0, 2πm] depending on the order, m.12

Two metrics are used to characterize the amount of turbulence-induced POAM possessed by a propagating
wave. The branch point density, ρ, has been studied in a number of papers using simulations.13–15 While the
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conversion efficiency, η, has been developed as a first-order approximation for the fraction of photons carrying
orbital angular momentum (OAM) in starlight.6

In the early benchtop experiments, a single layer of the ATS was used to investigate the connection between
OAM and the strength and distance of a turbulence layer.1,2 The experimental configurations placed eleven
different strength layers in the optical path. The ATS phase screen was set in converging beam space, therefore
its position along the propagation path sets the turbulence strength by the beam diameter at the phase screen.3

At the same time this position sets a starting distance between the turbulence layer and the system pupil. An
optical trombone between the ATS and the system pupil provides a means of adding propagation distance while
maintaining the same turbulence strength. Measurements were made at eleven different propagation distances
for each turbulence layer.

The conventional turbulence strength parameters, the Fried parameter, r0, and the log-amplitude variance,
σ2
χ (the Rytov number), are defined in the Rytov approximation by the moments,16

r
−5/3
0 = 0.423k2

0

∫ L

0

C2
n(z)dz, (1)

σ2
χ = 0.5631k

7/6
0

∫ L

0

C2
n(z)z5/6dz, (2)

where k0 = 2π/λ is the wave number for wavelength λ. The turbulence strength, C2
n(z), is integrated along the

propagation path, z, between the source and the detector, [0, L].

For the benchtop configurations, using a single phase screen, the turbulence strength C2
n(z) is only non-zero

at a given distance set by the phase screen and trombone positions. Table 1 shows the ranges of the parameters
used in the 121 benchtop measurements. Each turbulent layer’s strength is indicated by the prescribed r0 value.3

As the trombone is extended to increase propagation distance the Rytov number also increases.16

Propagation
Range r0 σ2

χ

Set # (Km) (cm)
1 0.0-8.4 16.6 0.00 − 0.15
2 1.5-9.8 14.4 0.04 − 0.22
3 2.8-11.1 12.4 0.10 − 0.32
4 3.3-11.7 11.6 0.13 − 0.37
5 3.8-12.1 10.9 0.16 − 0.42
6 4.2-12.6 10.3 0.19 − 0.48
7 4.6-12.9 9.7 0.23 − 0.54
8 5.2-13.5 8.8 0.30 − 0.67
9 5.4-13.8 8.3 0.34 − 0.73
10 6.1-14.4 7.3 0.46 − 0.95
11 6.6-15.0 6.5 0.60 − 1.19

Table 1. Turbulence configurations for the benchtop experiments.

Figure 1 shows graphically the relationship between the Rytov parameter and the Fried parameter for the
benchtop configurations. Each colored line traces the range of turbulence configurations along a specific trombone
position indicated by Tri, where Trn < Trn+1. Each increase in the trombone position adds 836.6 m to the
path length between the turbulence layer and the pupil.

In the benchtop experiments the wavefront was measured using a high-resolution, self-referencing interfer-
ometer (SRI)17 wave front sensor (WFS). This measurement provides an estimation of the phase, φ(x, y), of the
wavefront.

The first approach to estimating the amount of POAM in the propagating wave is done through characterizing
the branch points in the WFS measurement. The identification of branch points in the WFS relies on the
rotational component of the phase. The integral of the phase gradients, g = ∇φ(x, y), around any closed-loop,
Ω, in the WFS plane ∮

Ω

g · dl =
±2πm if Ω encloses a branch point of order m,
0 otherwise.

(3)
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Figure 1. The configured single layer turbulence conditions of the bench-top experiments. Each curve indicated by Tri
indicates an additional step of propagation distance added to the amount set by the phase screen’s position.

The number of branch points, nbp, identified with the above equation divided by the area of the aperture is the
branch point density, ρ.

The second means of estimating the POAM content relies on the conversion efficiency which is estimated
through a ratio of magnitudes of the phase gradients. In the absence of noise, the curl of the phase gradients
is due entirely to branch points and therefore indicates the amount of OAM. The ratio of the magnitude of the
rotational gradients, grot ∈ {∇×g 6= 0}, to the magnitude of the total gradients gives an estimate of the amount
of the field that possesses POAM,6

η =

∑N
i ‖groti‖∑N
i ‖gi‖

, (4)

where N is the number of subapertures.

Noise in the WFS measurement can affect both the branch point density and the conversion efficiency es-
timates. In the case of branch points, WFS noise can lead to false or missed identifications. Whereas for the
conversion efficiency, WFS noise will introduce a bias to the overall estimate.

Figure 2 shows the two POAM measurements for the benchtop experiments versus the Fried parameter.
Both measurements show that increased turbulence strength (smaller r0) increases POAM in the propagating
wave. The additional propagation distance from the optical trombone, indicated by the different colored curves,
shows that the threshold for the appearance of POAM in the system, ρ > 0 and η > 0, moves towards weaker
turbulence (larger r0) with increasing distance. At the same time increasing the distance for a given turbulence
strength increases the amount of POAM measured in the system pupil.

3. STARFIRE OPTICAL RANGE ATMOSPHERIC MONITOR

SAM measures the light collected by a 40 cm telescope with a Shack-Hartmann WFS. The WFS estimates the
local gradients of the field over 20x20 subapertures. These gradients, g, provide the basis for estimating the
Fried parameter8 as well as the branch point density and conversion efficiency as was done in Eqs. 3 & 4. The
Shack-Hartmann WFS is well suited to measuring turbulence-induced POAM in a propagating wave18 without
the registration requirements common for other OAM sorting schemes.19–21

The SAM system also includes a filter wheel containing a set of high-pass cutoff filters. Each filter allows the
SAM operator to select the wavelength range measured by the SAM camera during an observation. Figure 3
shows the transmission of the individual filters along with the camera response curve.
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Figure 2. Benchtop measurements of the (a) branch point density and (b) conversion efficiency vs Fried parameters and
separated according to the additional propagation provided by the trombone position indicated by Tri.

Figure 3. Transmission of SAM filters and the camera response curve.

Only approximately 1% of the observations used the 650 nm filter while the other three are used fairly evenly
over the remainder of the data. Therefore this paper focuses on data collected with the 500 nm, 600 nm or
700 nm filters. When combined with the camera response each gives a different range of wavelengths measured.
These three ranges are indicated by the central wavelength for each, 625 nm, 675 nm and 725 nm.

4. MEASUREMENTS

Here the turbulence parameter estimates from the SAM measurements are presented. The conventional pa-
rameters for characterizing turbulence conditions are given first, then the two measures of turbulence-induced
POAM.

4.1 Standard conditions

Figure 4 shows atmospheric conditions measured by SAM in terms of the standard turbulence parameters, the
Fried parameter, the Greenwood frequency, fG, and the scintillation index, σ2

I .16
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The scintillation index is calculated from measurements of the intensity of light, I, according to22

σ2
I =
〈I2〉
〈I〉2

− 1. (5)

σ2
I is related to the log-amplitude variance by

σ2
I = exp

(
4σ2

χ

)
− 1, (6)

where for σ2
χ << 1, σ2

I ' 4σ2
χ.22

The top row of graphs show the mean estimate of each parameter versus the time (Year) that each dataset
was captured. The legend lists the central wavelength of each observation band while the data points are colored
to match the transmission curves from Fig. 3. The bottom row shows the distribution of the measurements by
their frequency in terms of the percentage of datasets that possess a given measurement. In each case the data
is broken into three curves based on the filter used during the observation.

(a) (b) (c)

(d) (e) (f)
Figure 4. Eight years of SAM measurements. The top row shows the mean estimates of the (a) Fried parameter, (b)
Greenwood frequency and (c) scintillation index by dataset versus the date of the observation and separated by wavelength.
The bottom row shows the same data as distributions of the measurements of (d) r0 (e) fG and (f) σ2

I .

The distributions of r0 have different peak values for each of the filter wavelengths as should be expected, see
Eq. 1. The Greenwood frequency and scintillation index on the other hand do not show any significant difference
in terms of the wavelength.

4.2 POAM measurements

The measured branch point densities and conversion efficiencies are shown in Fig. 5. The top row again shows
the mean estimate for each data set versus the time (Year) that the data was captured. The bottom row shows
the frequency of the individual measurements by organizing the information into distributions of each metric.
An inserted close-up of the branch point density distribution is included to better show the features at small
densities.

These graphs demonstrate that the SAM data contains a vast amount of POAM information. The branch
point distributions appear different for each wavelength. The 625 nm distribution rises rapidly as the measured
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Figure 5. SAM POAM measurements.

density decreases. The majority of the shortest wavelength data sets have low branch point densities. As the
central wavelength becomes longer, the distribution shifts to include increasingly higher densities.

The three distributions for η show the exact same form, all centered at approximately 0.25. The branch
point density is clearly influenced by the wavelength while the conversion efficiency appears to be wavelength
independent.

5. ANALYSIS

As was done with the benchtop measurements (see Fig. 2), the measured POAM metrics are plotted against
the measured Fried parameter in Fig. 6. The data has again been separated according to the wavelength. The
branch point density is very strongly correlated to the estimated Fried parameter. Further these curves have
many similarities with the same plot for the benchtop data in Fig. 2. Whereas the SAM estimates of the
conversion efficiency do not show the same characteristics as the benchtop measurements.

The spread of the branch point densities shown on Fig. 6 is due to the range of propagation paths from the
different elevations of the stellar observations, in the same way the different trombone positions distributed the
benchtop curves on Fig. 2. Given the large amount of data available in the SAM database it is possible to further
separate the data into groups according to the elevation angle of the star at the time of the observation. The
data is sorted into 1o bins to facilitate curve fitting.

A functional form of the density is cast in terms of a negative exponential relationship;16 the formation of
a branch point’s zero intensity requires the sum of a large number of random phase terms contributing to that
interference result. Goodman23 states that if the turbulence-induced phase distortions in the wavefront truly
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Figure 6. SAM POAM measurements plotting versus the measured Fried parameter separated by filter wavelength.

approximate a uniform distribution from (0, 2π) the resulting field must have the statistics of a circular complex
Gaussian random variable and the intensity distribution obeys a negative exponential function.

A functional relationship between the branch point density and the phase variance can then be written as

ρ = A exp

{
−α
σ2
φ

}
, (7)

where the phase variance in terms of the subaperture size, d, and the Fried parameter is given by

σ2
φ =

(
d

r0

)5/3

. (8)

The curves generated using nonlinear regression to fit the data subsets in 1o elevation bins with Eq. 7 are
shown on Fig. 7. On each wavelength plot the elevation is indicated by the color of the curve according to the
colorbar between 23o − 86o.

Figure 7. Nonlinear regression fits to the SAM branch point density measurements according to elevation angle plotting
versus the measured Fried parameter and separated by wavelength.

The coefficients, A and α from Eq. 7 identified in the curve fitting process are plotted versus the elevation
angle on Fig. 8.
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Figure 8. The identified coefficients as functions of wavelength and elevation angle.

6. SUMMARY

The SAM observations have proven to contain a wealth of atmospheric POAM information. This initial analysis
has shown that results from the benchtop experiments and simulation with a single, thin phase screen agree well
with measurements of starlight propagating through the full atmosphere. Additionally, the SAM measurements
reveal the role of wavelength in the formation of POAM in the propagating wavefront.

As was stated in the introduction, this paper follows a series of experiments by the ASALT lab into the
nature of turbulence-induced POAM. Table 2 shows the SAM data along side earlier experiments. Of primary
interest is the nature of the source, whether monochromatic or polychromatic, and the turbulence sampled
during each experiment, either idealized layers as in the case of the benchtop and simulation work or distributed
volume turbulence (DVT) as in the field and astronomical experiments. In all cases, now including SAM, the
measurements show turbulence-induced POAM.

Experiment Source DVT d Datasets Max Range POAM
Benchtop1,2 monochromatic No 6.25 mm 121+ 15 Km Yes
Simulation4 monochromatic No 1.00 mm – varies Yes

CEBL (2 mi)5,24 monochromatic Yes 1.25 cm 400 3.2 Km Yes
CEBL (Chestnut)5,24 monochromatic Yes 1.25 cm > 5, 000 50 m Yes
3.5 Astronomical6,7 polychromatic Yes 14.60 cm > 5, 000 490 pc Yes

RACHL25 monochromatic Yes 1.25 cm > 4, 000 3.2 Km Yes
SAM polychromatic Yes 2.00 cm > 100, 000 990 pc Yes

Table 2. Scope of the ASALT POAM experiments to date.

This paper has just begun to utilize this database on the nature of turbulence-induced POAM in starlight.
Future papers will continue to explore the relationships between the POAM measurements and the physics of
atmospheric propagation.
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