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"Why look at the
Sun anyway?
Isn't It just a big
ball of gas?”



Betelgeuse: the first distant star we could resolve (sort of)_
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Sol: the star we can resolve best!

Image: TRACE, EUV 19.5 nm, 1999



Outline

* Refresher: the electromagnetic spectrum
« What can you measure with photons, anyway?

e A brief tour of the Sun and how we measure it

- Interior and surface (visible)

- Chromosphere (visible & UV)

- Lower Corona (EUV, X-rays)

- Middle Corona (EUV, FUV, visible light)
- Outer Corona (visible light, radio)

- Solar Wind (visible light)

 An example of signal separation

« Summing up



Refresher

The

electromagnetic
spectrum



Observing across the
electromagnetic
spectrum

* Only a small part of the spectrum
is visible from Earth’s surface!
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Observing across the
electromagnetic
spectrum

* Non-thermal processes in solar flares!
» Impulsive heating; active regions

e Coronal structure & dynamics;
diagnosis (temp., density, etc.);

 Transition region, “solar atmosphere”

* Photosphere, chromosphere, corona
« Chromosphere, prominences, corona

 Entire system (see Bastian’s talk!)
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The solar visible spectrum is complicated!
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The solar visible spectrum is complicated!

 Lots of colors
are "missing”
from sunlight

e Darkest:
“Fraunhofer
lines”
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The solar visible spectrum is complicated!

 Lots of colors
are "missing”
from sunlight

e Darkest:
“Fraunhofer
lines”
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Structure of solar absorption lines
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How & where to look!

A brief tour of the
Sun and how we
measure It



The Sun in visible light

* Photosphere: first “optically thick” layer
- Blackbody radiation

* Boooooring

« Wait? What are those dark things?

Visible light



Broadband visible: surface convection

* Photosphere: first “optically thick” layer
- Blackbody radiation
- Absorbing layers above(!)
 High resolution shows convection & turbulence

« Granular contrast help discriminate stellar models(!)

 Different bands emphasize different aspects

Visible light (multiple bands): Teide Observatory



specific bands

reveal many different

detaills!
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Close-up of sunspot in g-band highlights magnetic
weirdness

G—Band, 15 July 2002, Swedish 1—-m solar teiescope 00:00:00
|

(It’s blue light, really!)
Visible llght (narrOW band): SvT distance in units of 1000 kilometers




Doppler measurements Solar Doppler (surface motion) from SOHO/MDI
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Visible light (spectral-line Doppler): SOHO/MDI



Doppler measurements
reveal motion

« (Solar rotation removed)
« Edges of disk: convection (supergranulation)
« Center of disk: solar P-modes (~3 milliHz)

« Technology: tunable narrow-band filters

Visible light (spectral-line Doppler): SOHO/MDI

Solar Doppler (surface motion) from SOHO/MDI

Time: 1996,/07/09 07:59
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Doppler measurements of sound
waves (P-modes) reveal the solar
Interior

« Temperature structure in the interior
« Differential rotation near the surface
 Global circulation patterns

* Technology:

- 1-min cadence observations for weeks to months
- Sophisticated ground processing

Visible light / infrasound: SOHO/MDI



Dopplergraph + polarimeter
= magnetograph

» Magnetographs measure the Zeeman splitting

» Easiest method: subtract two Dopplergrams
(one in RCP and one in LCP light)

» Sunspots, plage, etc. etc.!

Visible light (spectral-line Doppler): SOHO/MDI




Dopplergraph + polarimeter
= magnetograph

» Magnetographs measure the Zeeman splitting

» Easiest method: subtract two Dopplergrams i
(one in RCP and one in LCP light)

» Sunspots, plage, etc. etc.!

* Resampling to fixed perspective reveals
differential rotation

Visible light (spectral-line Doppler): SOHO/MDI



Chromospheric structure

e Ha line emission off-limb

* “Cool” (not-multiple-ionized)
material suspended in the corona

* note: Spicules, filament, prominence

» Technology: conventional
telescopes, with narrowband filters

Visible light (H"): George Kennedy (amateur)



Chromosphere & Transition

* Broadband FUV images

* FUV spectra: Doppler, line width,
multicomponent analysis

FUV broadband (IRIS) 2025/02/28 06:35:01.746



SOHO/MDI Magnetogram

Lower Corona

 Optically thin
« Collisionally excited light
- brightness proportional to n?

N —250.00 —150.00 —50.00 S50.00 150.00 250.00
W Gouss

S01 / MDI Stanford Lockheed Institute for Space Research

» Technology: multilayer mirrors that reflect EUV;
conventional telescope designs in space

« Solar Maximum: many active regions

. 2000/12/31 21:12:49 UT
and coronal holes; disordered structure &

EUV (narrowband imaging): SOHO/EIT



17—-AUG—-96 16:00:00

Lower Corona

 Optically thin
« Collisionally excited light
- brightness proportional to n?

N _2s0.00  —150.00 —50.00 50.00 150.00 250.00
W Gauss

SOl / MDI Stanford Lockheed Institute for Space Research

« Technology: multilayer mirrors that reflect EUV;
conventional telescope designs in space

« Solar minimum: few active regions;
polar coronal holes; ordered corona

EUV (narrowband imaging): SOHO/EIT



High resolution lower corona

» See: heating events, wave motion, flows, |
turbulence, magnetic connectivity & form

-
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« Active region near the limb: dynamicCs e :

at high resolution! 00:31:04

EUV (narrowband imaging): TRACE




Lower corona in multispectral color

« Cheat: use your built-in color system to
extract spectral information

» See directly the “ionization temperature”
of most material

« 304A, 193A,171A -> R,.GB

EUV (narrowband imaging): SDO/AIA



Middle corona - Collisionally excited low down

- (brightness proportional to n2)

« Technology: multilayer mirrors that reflect EUV X
serious post-processing . eOduter part of FOV: resonantly scattered

- (brightness proportional to n)

GOES-18/SUVI 2022-Aug-11 15:14:50

EUV (narrowband imaging): GOES/SUVI special campaign; D.B. Seaton post-processing



Middle Corona in visible light

a - “K” corona - kontinuierlich
A « Electrons scatter sunlight (!!)
* Brightness proportional to n.

Visible ligh t' (broadband) during a solar eclipse: P. Starha, S. Habbal, M. Druckmuller



Outer corona in visible light

* Filtered to remove radial gradients

» Very structured, but mostly radial

Visible light (broadband) - with postprocessing



» B=1transition is visible: onset of turbulence
- (around 40-80 Rs)







Merging fields of view: a CME, Sun to Earth




Merging fields of view: a CME, Sun to Earth
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’ ; CME —eME

Solar wind Connected sheath  Magnetic Cloud  Trailing sheath
- pick.up sheath '(coronavl front)  (CME Cavity) v (coronal back)

Merging fields of science:
IN-situ analysis meets
Image analysis
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Merging fields of science: f
PSP images the corona from within!

SUN

Images taken from inside the corona!

Visible light (broadband) - PSP/WISPR



A Halo CME

« A CME coming straight at Earth!

« “Halo”: visible 360° around the Sun

Visible light (broadband) - SOHO/LASCO C3



« PUNCH mosaic images
* Preliminary data
« CME travels Sun-to-Earth in 1 day!

« More to come (data reduction in process)

Visible light (broadband) - with extensive post-pro 2025-05-29
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PUNCH L3 DATA FOLLOW THE SDO MODEL: ALL THE FOV, ALL THE TIME

PUNCH MERGES IMAGES TO CREATE A SINGLE LAF

outer lmige o0 B, pBpolarized image pairs

4-min limit: 80 R

NFI outer limit: 30 R L =3
Initial data product: full FOV trefoll mosaic

30 resoluti on, 4 mi

Coverage and cadence
-From 6 to 8Q R4minute cadence
-From 80 to 180 R30Ominute cadence

Sun




WFI FIRST LIGHT

PUNCHWFI™ chion o S
I
= r- ’ 'Aldeb?ran _ ; : _
. . . ’ / \/
First WFI image direct from camera- 14- i

April2025

. Focus i s |1 deal

./ Eridanus | \
» Stray light is essentially nonexistent % \ : |
- Menagnitude objects visible in raw data (Iris) \ |
e This I12mage: WFI .
« Some expected coma Vi si /\  Triangulum/
removed as part of L1 processing E T/

Baffle

*Sun




POLARIZATION IS WORKING

First WH2 polarized image sequence:-16
April2025

« U s -pdarizerrmethod
e Hue encodes polari za

e« Matches published st
polarization (Leinert et al. 1999)




NFI FIRST LIGHT: WORK IN PROGRESS

NFlinitial data p

2025-05-04T12:06:07.387 LASCO C3

rocessing matches or exceeds L ASICS®




An example of visible image processing

Signhal separation



IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A Levl 2008—-12—-10 02:58
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A bksub 2008—-12-10 (02:58

1000

STEP 1:

REMOVE FIXED PATTERN IN
SOLAKROORDS

Main background: starfield or galaxy
at 1-50 DN/sec

Y (2x2—binned pixels)
500
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A celestial 2008—12—-10 02:58
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

STEP 3:
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

STEP 4 HI-2A Znd—order 2008—12—-10 G2:58
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A FFT filter 2008—12—-10 02:58
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A cleaned 2008—-12—-10 02:58

RESAMPLE TO SOLAR ?U'g i
COORDINATES g ]
g= i
=S i
Main background: stellar residuals €% | . _
and Fourier ringing at 0.002DN/sec ¢ '
- |
i o 500 1000
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IMAGING THE SOLAR WIND REQUIRES HEROIC BACKGROUND SUBTRACTION

HI-2A clean (x107'7 By) 2008-12—13 02:58

AVERAGE ACROSS BATCHES g4 i
g -
Main background: stellar residuals a ;ﬁo ) . }
roughly 0.001DN/sec (£0B,) in 5
faint starfield regions
8| i i
80  -60  -40  -20 i

HPLN—AZP (deg)



TINY NUANCES OF THE INSTRUMENT ARE CRUCIAL!

HI-2A clean (x107 17 B,) 2008—12—13 02:58

| 1 | 1 | 1 |

That nOld timey movieo | ook
A 0.1% variations i n expos
A Timing jittern in onboard
ATel egraph stagfso: i
A errors in the

(0.2% nonlinearity) S - -

' | ' | : | 2
—80 —60 —40 —20
HPLN—-AZP (deg)



So what?



Image and spectral analysis

« Heliophysics depends on
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