UNLOCKING THE
SECRETS OF THE SUN

DR. AMY WINEBARGER
NASA MARSHALL SPACE FLIGHT CENTER



CAREER PATH

91-95 95-99 99-01

\
o\

10-?? 06-10 02-05



OUTLINE

ROAD
AHEAD
CURRENT
WORK ‘

‘ THEORIES

BACKGROUND



BACKGROUND

WHAT DOES THE SUN LOOK LIKE?

(alileo drew the Sun at the
same time each day:
His drawings reveal “sunspots,
dark areas on the Sun.

Now we know sunspots are
strong magnets on the Sun.



BACKGROUND

WHAT IS THE TEMPERATURE OF THE SUN?

22 MK IN CORE

/

5,000 K ON SURFACE

/



BACKGROUND

IN THE MID-1800S, SPECTRAL
OBSERVATIONS OF SOLAR
CORONA DURING ECLIPSE
DISCOVERED A SPECTRAL
LINE FROM UNKNOWN
ELEMENT - CORONIUM



BACKGROUND

IN THE 1930s, GOTRIAN AND EDLEN DISCOVERED
THE 5303 LINE WAS FROM FE XIV IMPLYING THE
SOLAR CORONA CONTAINED MILLION DEGREE
PLASMA.

ORIGINALLY, THE ATMOSPHERE WAS TREATED AS
“PLANE PARALLEL , MEANING THE TEMPERATURE
AND DENSITY OF THE CORONA DEPEND ONLY ON
THE DISTANCE FROM THE SOLAR SURFACE



BACKGROUND

FIRST X-RAY IMAGE
OF THE SUN
APRIL 19, 1960



BACKGROUND

TRACE 1999
IMPROVEMENTS

IN SPATIAL
SOHO EIT 1996
RESOLUTION

LED TO FINER
AND FINER

STRUCTURES YOHKOH 1982

SKYLAB 1973



BACKGROUND



BACKGROUND

THERE IS MORE HOT PLASMA IN TIMES OF STRONG
MAGNETIC FIELD.



BACKGROUND

X-ray EUV EUV FUV
WHEN WE TAKE
IMAGES OF THE SUN IN DIFFERENT
DIFFERENT WAVELENGTHS SHOW
WAVELENGTHS, WE SEE DIFFERENT
DIFFERENT TEMPERATURES.

STRUCTURES . .
White Light



BACKGROUND

STRAND - FUNDAMENTAL LOOP - OBSERVED
CORONAL STRUCTURE CORONAL STRUCTURE

IF NUMBER OF STRANDS/LOOP = 1, WE ARE
RESOLVING THE CORONA.



CORONAL HEATING THEORIES

\ MAGNETI WAVE /
RECONNECTION DISSIPATION




HEATING AND DISSIPATION

MECHANISMS

MANY DIFFERENT
THEORIES FOR
CARRYING AND

DISSIPATING
ENERGY IN THE
CORONA

Mandrini et al, ApJ 2000



NANOFLARE

PARKER SUGGESTED
BRAIDING OF THE
MAGNETIC FIELD BY
PHOTOSPHERIC MOTIONS
WOULD DRIVE SMALL-
SCALE CORONAL
RECONNECTION

ALONG INDIVIDUAL
STRANDS, HEATING
WOULD BE SPORADIC
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WAVES

ALFVEN WAVES
DISSIPATED BY
TURBULENCE

van Ballegooijen, et al. ApJ 2011



WAVES

HEATING
ALONG A
SINGLE STRAND
WOULD BE
HIGH-
FREQUENCY
(QUASI-STEADY)

Asgari-Targhi & van Ballegooijen, ApJ 2012






WAVES ARE UBIQUITOUS

WAVES ARE SIMPLY EVERYWHERE

SCOTT MCINTOSH



SOME RECENT RESULTS



SOME RECENT RESULTS

IF WE CAN T OBSERVE BRAIDING OR WAVE
DISSIPATION DIRECTLY, HOW DO WE INFER WHICH
IS MORE LIKELY?

WHAT IS THE FREQUENCY OF HEATING EVENTS ON
INDIVIDUAL STRANDS IN ACTIVE REGION CORES?

LOW FREQUENCY (SPORADIC HEATING) MAY
SUPPORT NANOFLARES.

HIGH FREQUENCY (QUASI-STEADY HEATING) MAY
SUPPORT WAVE.



ACTIVE REGION CORE

STEADY, HIGH TEMPERATURE INTENSITY
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MODELING FREQUENCY

SOLVED THE ONE-DIMENSIONAL HYDRODYNAMIC
EQUATIONS FOR DENSITY, TEMPERATURE, AND
VELOCITY(S,T)

UNKNOWN ENERGY
DEPOSITION.




CHOOSING ENERGY FUNCTION

ASSUMED THE HEATING OF THE STRANDS WAS:

WHERE G(T) IS A TRIANGULAR PULSE, Ef IS THE
MAGNITUDE OF THE HEATING EVENT AND Eo IS A
SMALL BACKGROUND HEATING

THE PERIOD OF THE HEATING = TAU



LOW FREQUENCY HEATING

T ™~ Teool

EXCESS HIGH
«<— AND LOW
___TEMPERATURE

EMISSION

WARREN, BROOKS, & WINEBARGER, APJ, 2011



HIGH FREQUENCY HEATING

NO LOOPS
COOLING TO
1 MK

T K Teool

ALMOST NO HIGH
D OR LOW
. TEMPERATURE
EMISSION

WARREN, BROOKS, & WINEBARGER, APJ, 201 1



WHAT IS THE FREQUENCY OF
HEATING IN THE CORE?

ARE THERE COOLING LOOPS IN THE CORE?
IS THERE ENHANCED WARM (1 MK) EMISSION?

DOES THE CORE HAVE A HOT PLASMA COMPONENT?

SIGNIFICANT

COOLING WARM HoT PLASMA
EMISSION
HIGH
FREQUENCY NO NO N O
(WAVES)

— | | - r¥Z . | | I | | - r¥Z .



NOT MANY COOLING LOOPS

AIA 171 AIA 335
A A

WARREN, BROOKS, & WINEBARGER, APJ, 2011



COOLING EVERYWHERE!

MAJORITY OF AR

QTDOII,ATIIDEC ADE YT TN

VIALL & KLIMCHUCK, APJ, 2012



WHAT IS THE FREQUENCY OF
HEATING IN THE CORE?

ARE THERE COOLING LOOPS IN THE CORE?
IS THERE ENHANCED WARM (1 MK) EMISSION?

DOES THE CORE HAVE A HOT PLASMA COMPONENT?

SIGNIFICANT

COOLING WARM HoT PLASMA
EMISSION
HIGH
FREQUENCY NO NO N O
(WAVES)




WARM EMISSION

LOW FREQUENCY HEATING PREDICTS ADDITIONAL
WARM (1 MK) EMISSION.

How MUCH WARM EMISSION IS REQUIRED?

MULU-MOORE, WINEBARGER, & WARREN, APJ, 201 1



WARM EMISSION

SOLVED THE ONE-DIMENSIONAL HYDRODYNAMIC
EQUATIONS FOR DENSITY, TEMPERATURE, AND
VELOCITY(S,T)

THE RADIATIVE LOSSES
DEPEND ON THE
COMPOSITION OF THE
PLASMA.

WE RUN EACH SIMULATION
TWICE FOR CORONAL AND
PHOTOSPHERIC
ABUNDANCES

MULU-MOORE, WINEBARGER, & WARREN, APJ, 201 1



WARM EMISSION

+ EXAMPLE SOLUTION FOR EACH STRAND.

+ WE ASSUME THE LOOP IS COMPOSED OF A STRAND
AT EACH TIME STEP.

MULU-MOORE, WINEBARGER, & WARREN, APJ, 201 1



STRONG WARM EMISSION

RESULTS FROM
LOW-FREQUENCY
“NANOFLARE
SIMULATION
SLOPES: 1.6-2.3

AVERAGE: ~2

MULU-MOORE, WINEBARGER, & WARREN, APJ, 201 1



CONSISTENT
WARM EMISSION WITH LOW

FREQUENCY
HEATING

TRIPATHI, MASON, & KLIMCHUK, APJ, 201 1



WARM EMISSION

WARREN BROOKS, & WINEBARGER APJ, 2011

|

EIS raster




WARM EMISSION

SLOPE = 3.2

NOT
CONSISTENT
WITH LOW
FREQUENCY
HEATING

WARREN BROOKS, & WINEBARGER APJ, 2011



WHAT IS THE FREQUENCY OF
HEATING IN THE CORE?

ARE THERE COOLING LOOPS IN THE CORE?
IS THERE ENHANCED WARM (1 MK) EMISSION?

DOES THE CORE HAVE A HOT PLASMA COMPONENT?

SIGNIFICANT

COOLING WARM HoT PLASMA
EMISSION
HIGH
FREQUENCY NO NO N O
(WAVES)




HOT EMISSION

ENHANCED HIGH
TEMPERATURE
EMISSION FOR LOW
FREQUENCY HEATING
IS ALSO PREDICTED

MULU-MOORE, WINEBARGER, & WARREN, APJ, 201 1



HOT EMISSION

SEVERAL RECENT STUDIES HAVE FOUND EVIDENCE
OF HIGH TEMPERATURE (8-10 MK) PLASMA

Schmelz et al. (2009)

also see Reale et al. (2009) and Shestov et al. (2010)



HOT EMISSION



HOT EMISSION

EIS & XRT
CANNOT
RELIABLY
DETECT HIGH
TEMPERATURE
PLASMA.



WHAT IS THE FREQUENCY OF
HEATING IN THE CORE?

ARE THERE COOLING LOOPS IN THE CORE?
IS THERE ENHANCED WARM (1 MK) EMISSION?

DOES THE CORE HAVE A HOT PLASMA COMPONENT?

SIGNIFICANT

COOLING WARM HoT PLASMA
EMISSION
HIGH
WRONG
FREQUENCY NO NO
INSTRUMENT
(WAVES)




THE HUNT FOR DIRECT EVIDENCE OF CORONAL
BRAIDING



*+IMAGES THE SUN IN THE 193 A PASSBAND
(EUV, 1.5 MK)

*+SPATIAL RESOLUTION IS 36X THAT OF OTHER
INSTRUMENTS







































Cirtain et al, 2013, Nature



Cirtain et al, 2013, Nature



ACTIVE REGION EVOLUTION

EIS EIS

AR11029 AR11032

UGARTE-URRA & WARREN
2012



ACTIVE REGION EVOLUTION

UGARTE-URRA & WARREN 2012



ACTIVE REGION EVOLUTION

YOUNG AR:
EVIDENCE FOR
COOLING,
ENHANCED HOT

OLD AR:
STEADIER
EMISSION, LESS
HOT AND COOL

AND COOL
EMISSION
E M lss ION Emission Measure

UGARTE-URRA & WARREN 2012



FINAL THOUGHTS...

PROGRESS IN UNDERSTANDING CORONAL HEATING
CONTINUES.

TWO MAIN CAMPS ON CORONAL HEATING - MAGNETIC
RECONNECTION AND WAVE DISSIPATION.

OBSERVATIONAL EVIDENCE FOR BOTH.

HI-C, AN INSTRUMENT FLOWN ON A SOUNDING

ROCKET IN 2012, TOOK THE HIGHEST RESOLUTION
IMAGES OF THE SOLAR CORONA.

IMAGES CLEARLY SHOW MAGNETIC BRAIDING AND

TRIINYIZ”AATE™ RAACCNITT"T” T/~ /’SNIRANITFEFAA"T"TASNN]



