Introduction to Making a Magnetogram Dr. K. D. Leka
July 26, 2023

PRE-LECTURE QUESTIONS:

1: (This is a little bit of an English-language question): Can we measure the magnetic fields
on the Sun?
2: Where (on the Sun) are the magnetic fields reported in (e.g.) HMI magnetograms from?
3: If the line-of-sight component is: By or B = 100 & 20 and the component transverse to the
line-of-sight is By or B, = 100 & 20, what is the radial component (B,) of the field, and its
uncertainty?

Note: none of the topics listed will be treated in-depth; references are provided and inter-
ested people are encouraged to see those and ask me about additional resources. 1 assume an
undergraduate-level understanding of relevant physics.

CONTENTS

1 Radiative Transfer and Spectroscopy 2
2 Polarized Radiation and the Stokes Parameters 6
3 Inversion Methods and Limitations 8

4 Disambiguation and the “Image” vs. “Helio / Physical” Reference Frames 10

5 Instrumental Approaches 12
6 Sources of Uncertainty & Estimating Uncertainty 13
7 Discussion of Introductory Questions 15



Figure 1: Visualization cartoon of emission (left) and absorption (right); from Konstantin
Dellyanis’ Stellar Atmospheres course notes, U. Hawai‘i.

1 RADIATIVE TRANSFER AND SPECTROSCOPY

With light traveling through a plasma, the interactions between the plasma and the photon(s)
become very important. Key concepts:

Intensity and Radiation: Specific Intensity: constant energy transfer by light along rays.
With no absorption or emission, this is conserved. Radiative Fluz: the intensity through a
surface at a specific wavelength. Integrated over 47 and all wavelengths, one obtains the “total
intensity flux”. Absorption: amount of intensity removed along a path ds, k, = no, is the
absorption (cm™!) with frequency, over ds length of plasma. Emission: amount of intensity
(energy) added within a volume of plasma (dV = dAds) into (along a path) of a solid angle
(into a cone of size) dw wide. A unit of emission is dE™s5°n = ¢, AV dw dv d7, where €, is the
emission coefficient (erg cm™3 sr=! Hz ! s71).

Optical Depth & Mean Free Path:

dl, = —k,I,ds
L(s) = Il
s
T, = /ﬁyds
0
or
dr, = k,ds (1)
also

[obs, or oo]
T, = / Xeds, (2)
S

T. is the optical depth in the continuum, with 7. = 0 being the end point of the photon propa-
gation or the observer (increases against propagation), and Xcent is the continuum absorption.
When 7, = 1, that means the photons have a mean free path of s before getting absorbed
again. With only absorption:

L(s) = Le (3)
with
=1 — I,=1
~ 03710 (4)

Optical Thickness indicates (1) the fraction of intensity passing through a layer, (2) how far
“through” an atmosphere we can see. Remember! this is all as a function of v, or wavelength.
Combine absorption with emission:

dl,/ds = =k, I, + €, (5)
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Fig. 5.— [lustration of the emergent intensity from emission and absorption in a stratified
planar atmosphere. The lower boundary at z = z, and 7 = 7, is assumed to have an intensity
I{12,7,), where p = cosf is the vertical projection cosine of the ray.

Figure 2: Figure 5 from Stan Owocki’s RT notes.

which is the "Radiative Transfer Equation”: how much intensity per unit travel-length is
removed and how much is added. Again Remember! as a function of frequency.

Line Formation: Consider the above with angle of ray different from gravity (6, u = cos(),
with emission and absorption:

drl, (p, 1,
i ( )

e I —
dar, V(MV:TV) S,,(,LL,,,TV) (6)

where S, = €,/k,.
The physics is in the two terms I, and S,. In integral form, for upward-propagating rays
(toward smaller optical depth):

I(p, 1) = I(pu, 7)™k 4 /TO S e TG > 0,7 < 7 (7)
while for downward-propagating (toward larger optical depth) rays:
/ S(reT I Imi g fs e < 0,7 < 1 (8)
assuming no radiation is illuminating from the “top” (smaller 7) (e.g. I(u,7 =0) = 0.

Consider a simple case, the emergent intensity seen by a far-away observer (7 = 0) from a
“slab” of material (Figure 2):

I(p,0) = /0 S(r) eV M s > 0 (9)

If we consider the source function to be linear (only changing with respect to) optical depth,
S(7'") = a + br’ then integrating by parts one gets:

I(p,0) = a+bu=S(r=p) (10)
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which, if one uses “~” instead of =, is the Eddington-Barbier (EB) relation. This is a “first
order” explanation for limb-darkening in the Sun: at disk-center, 4 = 1 and it is the local
“planar” atmosphere. Away from disk-center, and assuming local thermodynamic equilibrium
(LTE, so brightness is a function of temperature), the E-B relation provides the brightness ratio
that you can expect:

I(p—0,0) :a—l—bu: S(r=0) - B(t=0) (11)
I(1,0) a+b S(r=0)+dS/dr B(r=0)+dB/dr

Brightness increases with increasing Temperature, and a stellar atmosphere (generally) gets
cooler with height, so dB/dr > 0, and I(x — 0,0)/1(1,0) < 1 or the emergent intensity
decreases with increasing pu.

Now returning to the v situation: optical depth earlier was related to the mean-free-path
of a photon. We can look at the probability of a photon being absorbed (e~ dr,) as related to
optical depth:

(r,) = / e vdr, =1 (12)
0

means that, if you have constant absorption coefficients (k,(s) = constant) then A7, = k,(s)As
which implies that § = 1/k,(s).

The probability of a photon being absorbed, however, is very much a function of ». When
v is the same as the excitation frequency for a spectral line (level transition), k,(s) increases:
there is a high probability of that photon being absorbed, the mean free path decreases. When
v corresponds to “continuum”, away from atomic (or molecular) transition frequencies, &, (s)
decreases.

So, the “7 = 1" layer where optical depth is unity (where we can “see to” in an atmosphere)
is higher when k,(s) is larger (less density is required for the same absorption probability),
such as at a “line-center” wavelength, than in the continuum (and we thus see “deeper” in to
the atmosphere). If the source function is greater than the absorption, then we get emission
lines (Figure 3).

Spectral Line Shape and Curves of Growth: The frequency v of an atomic transition
has a natural range according to the probability of transition. The absorption coefficient at
that energy/frequency is simply:

* hy
K = —(n1 B2 —no B 13
| om B = naBa) (13)
that is, a function of the Planck constant, frequency, level populations (n) and the transition’s
Enstein coefficients, which are effectively a probability of absorption / emission. This is not a
0—function, but is extremely narrow.

A short list of factors that influence observed spectra line shapes (assuming a homogeneous
plasma):

e Temperature: Increased plasma temperature produces Doppler shifts, change the frequency
at which the absorption is most likely; generaly symmetric about 1. Related: microturbulence.
e Density: as this increases, spectral lines get deeper (stronger) and the “wings” get broader
and change shape. Related: damping. See Figure4.

e Velocity: the bulk velocity of the plasma shifts the absorption peak relative to 1y but otherwise
would not change the line shape.

e Spectral Blends: other spectral lines very nearby.

4



T, (D) >> 1

L4

.o

0

) L =
Vo v Vo ¥
TD)< 1 A N
P | < T
T,(D)< 1 () e . >
> wild) > oy T
ILJO)< 8, | | e
o
I
[ v e R S T Lo {{}II'
v
\//—
""" /\ Sy T Sy
TR SRR Pl 511}
0 ] W ] |
; v v, v
T, (D) <1
T, (D) <1 S
e -q"l:-[Dr : i | h}
D) > 1 0 b —
G, (D) e 1,0)>S, T 5§
- " 2 A P
Ly <58, | | e
o
I v
Tii - - 1,0
"-""T_‘II --------- h'ﬁ' jf
g S
ey 1
0 " 0 !
0 v UIZ] v
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Figure 3: Emission, Absorption, optical thickness. From [17].
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Figure 9.1: Line profiles and curve of growth in the Schuster-Schwarzschild model. Weak lines have
Gaussian shapes. Their area grows linearly with the amount of extinction. The curve of growth flattens
when lines become saturated because the reversing layer becomes optically thick at line center. The curve

7. < Tr. From iAwaan (1993)
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Figure 4: From [17].

e The Thermodynamic environment: LTE? NLTE? Scattering?
e The Radiation environment: sources of irradiance (source function) that are not local.

e The ElectroMagnetic environment: electric fields, and magnetic fields.
The above changes dramatically if e.g. T(7), p(7), Vbopp(7)! Then asymmetries can be intro-
duced.

Take-Away Points:
e Plasma properties define the optical depth scale. The 7, = 1 “surface” depends on the local
plasma density, temperature, composition, ionization, etc.

e Spectral lines provide information on the plasma properties by their shapes and behavior.
But the same shape/behavior can be produced by different properties.

e The 7, = 1 surface is deeper in continuum wavelengths, higher (at lower density) at the
line-center where absorption (emission) is more probable.

Relevant Sources: [15], [also see all the references and links etc. in 17, which is best accessed
through the associated website https://robrutten.nl/rrweb/rjr-pubs/2021LingAstRep.
..2R.pdf]; see other RT course notes: https://www.bartol.udel.edu/~owocki/phys333/
Phys633-notesl.pdf.

2 POLARIZED RADIATION AND THE STOKES PARAMETERS

When a magnetic field is present, the energy levels for atomic transitions split (Zeeman splitting)
and photons can become polarized. In solar physics the polarization states are described using
Stokes formalism:

I=(1, Q, U V)" (14)

where [ represents unpolarized light, V' is the circularly polarized component and @), U
are the linearly polarized components (oriented 45° apart, see Figure 5). The spectroscopy of
polarized light is spectropolarimetry, and provides the only direct information we have on the
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Figure 5: Left: sunspot and example spectra in a magnetically-sensitive line. Right: Spectra
from a “quiet” area (black) and a sunspot umbra (blue), showing the Stokes polarization
spectra.

solar magnetic fields. The degree or fraction of polarization P = /V?2+ U? + Q2?/I and the
degree of splitting are generally functions of field strength for resolved structures:

A)z o gp N | B (15)

with g, being the Landé factor for the transitions in question. In the Stokes formalism, the “in-
strument” or “sky” components and their orientation angle in the plane-of-the-sky (¢) produce
the polarization:

B|| = V
Bl = V@*+U? (16)
¢ = tan (U/Q), ¢ € [0°,180°].

However, going back to the RTE:
dI/dr. = K(I-1S) (17)

now K is the “propagation matrix”, S is the “source vector”. In order to retrieve B , we must
account for the thermodynamics, radiation environment, plasma dynamics across the range of
7 our chosen magnetically-sensitive (g7, # 0) samples. A full solution of the Radiative Transfer
Equation of Polarized Light is required, but without simplifications, is not directly solvable
because K is not fully known.

Take-Away Points:
e The polarization state and the line-splitting of a magnetically-sensitive spectral line have
information on the magnetic field in the plasma.

e The Zeeman effect is an additional effect on spectral line-profile shapes and behavior.
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Figure 6: From Riethmuller & Solanki 2018, many solar absorption lines in the blue visible
spectrum, and their circular polarization and polarization fraction. Note some strong lines are
not magnetically sensitive and show no polarization, while some less-strong lines show high
sensitivity to magnetic fields.

e Using the Stokes formalism:

magnetic field along the line-of-sight o circular polarization < “V”

magnetic field perpendicular-to-line-of-sight o linear polarization < “Q, U”, with /U varying
with orientation.

Relevant Sources: [21, 7, 2, 6]

3 INVERSION METHODS AND LIMITATIONS

“Magnetograph Formula” for By only: B oc V. Saturates easily but there are sophisti-
cated implementations (for MDI [18], and HMI [9]). Advantages: fast, Disadvantages: satu-
rates, basic estimates, not vector.

“Weak Field Approximations” include “Derivative Methods” and “Integral methods”.
They use the almost-linear behavior of the polarization signals with |B| in some [physical,
wavelength] regimes (AXz < Ap,pp, not-strong |B|) for more sophisticated estimates of the
underlying fields:

,
B P
Y I)
Q2+U2
B, o —Vdp/(w (18)

¢ = tan H(U/Q), ¢ € [0°,180°].
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Figure 7: Response functions for (L:r) Stokes [/, @, U, V] for Field Strength | B| as a function of
AN from line center and log(7.) the continuum optical depth, for a particular model atmosphere.
Horizontal line for reference, shows the different responses as a f(7). From del Torienesta &
Ruiz Cobo 2016

The “integral method” uses the integral of the signals over the spectral line [16], whereas
the “derivative methods” [11, 10, 4] generally evaluates the signals at a location in the line
wings (not the core). Advantages: fast. Disadvantages: difficulties with unresolved structures,
sensitive to Faraday rotation (“magneto-optical effects” caused when a plane-polarized wave
travels through an ionized medium) that can create “fake” twist in B .

“Milne-Eddington Approximation” Inversions This is the most widely used for Zeeman-
split photospheric data, in part because it can be solved analytically. Assumes LTE and a linear
source function S, = Sy + S17. Assumes B, Vi, P, p, T are all constant as f(7). In other
words, over the formation height range of the line in question:

T — Y rmi
Tmax TImin 1 T 1
TTmaz + Trmin < v ( 9)

T €[density, temperature, pressure magnetic field strength & direction, plasma velcoity, ion-
ization fraction]. Magneto-optical effects can be handled. ME-based inversions thus return
an average inferred atmosphere over 7. (There is debate as to whether the thermodynamic
parameters can be “believed” or not.) Additionally there are many many ways to implement
a “ME-based inversion”, and these can lead to significantly different results!! There is no one
“ME inversion method”. Advantages: returns good, average, representations; modern-day:
reasonably fast. Disadvantages: sensitive to implementation and minimization algorithms;
unpredictable failures when spectra are not consistent with ME assumptions.

“Response Function” analysis asks “how does the spectropolarimetric signal behave as
fIB, p, T, vpopp, 7). Through radiative transfer modeling, atmospheres are described in terms
of 0X /Ot where X is the plasma parameter. Figures 7, 8. Advantages: significant physics,
retrieves T-based gradients. Disadvantages: slow (this is improving), sensitive to implementa-
tion.

General approach: (1) Use something like the WFA to “start”, then (2) use a global opti-
mization method to find the atmosphere & B which produces the best fit between the forward-
model emergent Stokes spectra and the observed spectra. Even still with sophisticated inver-
sions, things fail (see, e.g., [9] for examples with HMI, and see Figure 9 for an example with a
more sophisticated inversion).

Take-Away Points:
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Figure 8: Line profiles (midddle) and their fits using the Stokes Inversions based on Response
Functions (SIR) code; residuals are < 0.005. The model atmospheres producing these fits (left)
show the gradients in the plasma parameters. When applied to a full sunspot (right), one can
obtain an estimate of (for example) field-strength gradients with height.

e Estimates of photospheric B can be made with different levels of simplification (assumptions)
for the radiative transfer. However, the bigger the simplification, the larger the simplification
of the result.

e Inversions produce By, B, ¢ components of B in the “instrument / sky” frame of reference.
Remember: the Sun is a sphere.

e Most “pipeline” photospheric magnetograms represent an average over the pixel area and
height (7 orz).

Relevant sources: [3, 6, 12, 11]

4  DISAMBIGUATION AND THE “IMAGE” ws. “HELIO / PHYSICAL” REFER-
ENCE FRAMES

What is returned from inversions is not yet useful, it is only the components in the “image”
plane, or “as the detector / telescope sees it”, and the direction of B, is ambiguous to 180°
due to a degeneracy in the level-splitting. To obtain physically meaningful components requires
two steps: (1) determing the direction of B, , (2) applying a coordinate transform such that
B, B, $ = B,, By, B. or = B,, By, By (Figures 10, 11). Note: the coordinate transform
applies to the vector components; and is different from interpolating the data onto a different
sampling grid.
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Figure 9: Even with sophisticated inversion and “fairly normal” (Milne-Eddington-like, with
symmetric [@, U] and anti-symmetric [V], sometimes the optimization failes to find a good fit
between synthetic magnetized atmosphere and the data. Data (thin lines): from Hinode/SP.
The two examples are very similar, only 2 pixels away from each other, and with very slight
differences in the I profiles. Model fits (thick lines): from the NICOLE inversions [20]. Note
the difference in x2.

The coordinate transform applies to all three components and returns all three compo-
nents. Generally we take:

B. = Bysin(e)

B;, = By cos(¢) (20)
Bl = B

and then B" = AB', and A is a function of the location on the solar disk:

arr ary arz
A= ayx ayy ayz
azr azy azz

with these components depending on the solar p-angle, b0-angle, and the location of the target
(latitude “bc” longitude ”1c”):

axx = —sin(b0) * sin(p) * sin(lc) + cos(p) * cos(lc) (21)
ary = +sin(b0) * cos(p) * sin(lc) + sin(p) * cos(lc)

arz = —cos(b0) * sin(lc)

ayr = —sin(be) * (sin(b0) * sin(p) * cos(lc) + cos(p) * sin(lc)) — cos(be) * cos(b0) * sin(p)
ayy = +sin(be) * (sin(b0) * cos(p) * cos(lc) — sin(p) * sin(lc)) + cos(be) * cos(b0) * cos(p)
ayz = —cos(b0) * sin(bc) * cos(lc) + sin(b0) * cos(be)

azx = —+cos(be) x (sin(b0) x sin(p) * cos(lc) + cos(p) * sin(lc)) — sin(bc) * cos(b0) * sin(p)
azy = —cos(be) * (sin(b0) * cos(p) * cos(lc) — sin(p) * sin(lc)) + sin(be) * cos(b0) * cos(p)
azz = 4 cos(bc) * cos(b0) * cos(lc) + sin(bc) * sin(b0)

The application of the (physical) assumptions must be done using the physically-relevant
components B", whereas the 180° “fips” are done for the observed components. Some methods
apply “local dot-product” approaches, e.g.: “which direction is closest to the potential field?”.
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Figure 10: The two primary coordinate and component systems used for vector field reference:
“image” or “instrument” or “plane of the sky” (yellow/green), or B, B, ¢ and the “solar” or
“heliographic” or “physical” (red / purple). The image-plane component perpendicular to the
line-of-sight (B, green, two options) is ambiguous to 180°. The direction chosen for it, impacts
what we believe is the “solar” vector (blue, two options).

Most well-performing methods use global optimization to minimize e.g.: total vertical current,

angle between neighboring pixels, etc.
(See Movie)

Take-Away Points:
e What comes out of the inversions is not yet useful. The direction of B, must be selected.

e Changing B, by 180° does not change the heliographic or physical horizontal field by 180°;
it influences all 3 physical components, according to field orientation and observing angle.

e All disambiguation algorithms make assumptions.

e “Garbage in, garbage out”: if inversion fails, disambiguation cannot fix it.

Relevant sources: [8, 14, 9]

5 INSTRUMENTAL APPROACHES

The Challenge: data are 4-D: [z, y, A, P] and generally detectors are 2-D. To make magnetic
maps, science “use-cases” enter in; the lower priority dimensions are sampled slower, or less
well. Examples:

Hinode/Spectropolarimeter science focus: high-accuracy Stokes spectra, high spatial reso-
lution. Scanning-slit spectrograph provides [y, A, P] images, with a limited FOV; z-direction
is the slow axis.

Helioseismic and Magnetic Imager science focus: vector data at a cadence to match good
spatial resolution with photospheric motions, full disk. Imaging optics provide [z, y] over full
disk, with [\, P] slower, and limited samping.

12
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Figure 11: Left: Output from an inversion of a sunspot (N20 E20), Red/blue are B 4ve/-ve,
line segments indicate the strength & direction of B,. Note the “apparent polarity inversion
line”. Right: after disambiguation, and after transforming to use the physical / local compo-
nents, note the arrows, and the PIL has shifted to the edge of the sunspot. Note these are still
plotted at the image sampling; the components have not been interpolated.

See Figure 12 for examples. What is desired is data that are well-sampled in time (ca-
dence and longevity), and space (field-of-view, resolution). Multi-plexing collection (arrays of
fibre-optic feeds) to simultaneously sample A, P across an array imaging [z,y], and are in
development.

Also something to note: even with the 4m DKIST telescope, high-resolution (in all dimen-
sions) spectropolarimetry is “photon-starved”. 1t takes a lot of photons to detect signals with
good signal-to-noise ratios.

Data Reduction has as its goal to remove all instrumental impacts so that the data are
what the Sun produces. See [13, 19, 5] for examples of what it takes to develop the instrument-
calibration matricies and covariances. ! Ewvery optical element will change the incoming photon.
FEvery optical element including detectors have < 100% efficiency. FEwvery applied algorithm
includes assumptions that may be incorrect. The best input to (e.g.) the inversions are spectra
as they would be coming from the Sun, which means correcting each and every change to the
incoming light.

6 SOURCES OF UNCERTAINTY & ESTIMATING UNCERTAINTY

See “HMI_error_analysis_intro.pdf”

IEveryone who uses magnetograms should briefly look at these papers to appreciate the data reduction and
calibration effort required to make a magnetogram!
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Figure 12: Top: Full-disk Bj image from HMI (left) and field-of-view images of continuum
and Bj from Hinode/SP (right) of NOAA AR 11158 at 20110215-204800 TAI (south/west
in full-disk image). Colored thick symbols in the right-hand images indicate (blue diamond)
quiet Sun, (green square) nearby plage, (red star) umbral edge. Spectra are from HMI (left)
and Hinode/SP (right), for the points indicated by color. Note for HMI spectra, the sampled
points are connected artificially. HMI optimizes spatial “integrity” (the spatial relationships
between features on the image are “true”) and coverage (full disk), temporal cadence, and
continuous coverage. Hinode/SP optimizes spectral accuracy and sampling and high spatial
resolution. HMI thus sacrifices spectral sampling and resolution, and has moderate 1” spatial
resolution; Hinode/SP thus sacrifies temporal cadence (an image can take 20-60min to “build”
from slit-steps) and field-of-view, with target-specified spatial coverage. From [1].
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7 DISCUSSION OF INTRODUCTORY (QUESTIONS

The following are some guides for your answers:
1: Focus on the word “measure” which implies “directly measure”. Use an English Thesaurus

to explore different words, remembering that “all we have are photons”.

2: Question (for guidance): are the optical-depth scale 7 and physical scale (in the —1xgravity
direction z) the same?

3: Question (for guidance): do you have all the information you need?
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