Contents

1 Introduction . .......... . ... ... .. .. ... .. .. .. ...

References

2 Theory of MW Emissions of Solar Flaring Loops. . . ...... ... . ..

2.1

2.2

23

24

Observational Characteristics of Solar Microwave Emissions. . . . .
2.1.1 Intensity, Polarization, and Spectrum of MW
ERiiSsion: . e 1ol iy U LR el S

Gyrosynchrotron (GS) Emission .. .. .....................
2.2.1 Emissivity and Self-absorption Coefficient. . . ... .. ... ..
2.2.2 Formation of GS Spectrum. . .. ....................
2.2.3 Influence of Magnetic Field Strength ... .............
224 Influence of Self-Absorption. . . ....................
2.2.5 Influence of High Plasma Density: Razin Effect .. ... ...
2.2.6 Razin Effect and Electron Power-Law Index .. .........
2.2.7 Plasma Density Increase on the Late Decay Phase. . . . . . .
228 [Influence of Plasma Inhomogeneity on GS Spectrum . . . . .
Effects of Electron Pitch-Angle Anisotropy .................
2.3.1 Parameters of Numerical Simulation .. .. .......... ...
2.3.2 Pitch-Angle Distributions of Sin™ Type ............ ..
2.3.3 Effect of Pitch-Angle Distribution Shape: Gaussian

LIOSS-COME': . - - v eosmszions v 0 0 2 5 5e of olibsion e THIE e Sk s = 5
2.3.4 Effect of Pitch-Angle Distribution Shape: Beam-like

Distribution . . . ....... ... ... .
203:5 " IISCUSSION.: & u srausfiorsnan ww v % % 6 5 5 & 3o ot 2 55 25 555 .
Trapping and Transport Effects . . ... ..... ... .. ... ... ... ..
24.1 Dependence on the Position of Acceleration/Injection

SIE: £ ¢ 55 5 5 2 51iut0 o6 e o m = o o B sovmsiereaie oo s fs o e o 1 5 s



vi

Contents

2.42 Spectral an Polarization Responses to Specific Electron
DiStribUONS . - .+ oo v seemcaeac e
243 Diagnostic Potential . . . ......coeeeeeremrrnens
25 Effects of Other Parameters on GS Emission . .......coovevn-
2.5.1 Spectral Shape. .. .......coooooreneee s
252 Radio Flux Density . ... ....ccnnoveereaeeorerss
253 Spectral Index . .....coovuerrrmmnemrrsie ey
254 Turnover Frequency. . ... ......cooonrrenesseeres
26 Numerical Codes for Fast GS Emission Calculations . .........
RltBIOES & ti o Terelod B e v o w PR GEE & ¥ 3 50 & akmaield AR E <

Observations and Explanations of MW Emissions in Solar Flaring
DO 5o e s 2 o 7 SRR B S A% B e o iSRS R 8 RJR SR w0 e
3.1 Studies on Spatially Unresolvable Observations . . . .......----
31.1 Flattened Spectra in Solar Radio Bursts at Cm and Mm
Bands and Dynamics of Energetic Electrons in Flaring
LGRS <= o o o 5 n rimsssisfoa 8 6 82 3 %o oy vltmenpamit s 80 4 ¢
3.1.2 Dynamics of Peak Frequency in Solar MW Bursts:
Self-absorption and Razin Effect. . ..............oovv
3.1.3 Optically Thin Emission, Power-Law Distribution of
Flares, and Occurrence Rate of Flares .. ............-
3.2 Spatial Distribution of Microwave Brightness. . ... .........-
32.1 Nonthermal MW Source at the Top of Extended Flaring
LOOPE o « = 5 = = = scmrocts it HABS & Fow & omsuimaat § 3 X545
322 Time Delays Between MW Emissions from Different
Parts of Flaring LOOP. . . ..o v vvvocnnnmenemmrmeees
3.2.3 Time Delays of MW Emissions at Different
1T o I
324 Redistribution of MW Brightness in Flaring Loops . ... ..
3.2.5 Comparison of Observations and Model Predictions . . . ..
3.2.6 Spatial Distribution of Energetic Electrons in Flaring
LOOPS . i+ 5 & « 5 s mmesiommias 385§ 6 o Sssiemuame snn s
3.2.7 Dynamics of Electron Spatial Distribution. . . .........-
3.2.8 Constraints on Particle Acceleration, Projection,
and MOHON . . .. vcuoscovosmoesnsonsasasauesones
33 Statistical Studies on MW Brightness Distributions. . . . .. ... .-
33.1 DataSelection.........cococercrnnreeermeernses
3.3.2 Comparison of MW Brightness inLTand FPs .........
333 Relation of MW Brightness and Other Parameters . . . . .. .
33.4 Asymmetry of MW Brightness in Flaring Loop FPs .....
34 Spectral Properties of MW Emissions . ...........oo-ooooe
3.4.1 Distribution of Spectral Slopes Along Flaring Loops . . . . .
342 Statistics of Optically Thin Spectral Indices of MW
Emissions in LTand FPs . . .. ....ooovnmmanennens

52
54

65



Contents vii

3.4.3 Hard-Soft-Hard (HSH)—a New Pattern of MW Spectral

BVOMItON ; ;v ooonns s 6555 85 65 omsmaatitas = =5 « ¢« 8 as 133
3.4.4 Dependence of Spectral Evolution on Frequencies. . ... .. 136
3.4.5 Evolution of MW Spectra in Different Parts of Flaring
| 17577 S I A RSP, B B 138
3.5 Distribution and Evolution of Radio Polarization .. ........... 139
3.5.1 Comparison of Polarization of MW Emissions in LT
A PSS s s s s s e TEE e s § TR e E et B 5 s 140
3.5.2 Relation of Polarization and Other Parameters in LT
SIS . . o o o v o s o1 o simimnmrens s m 5 5 8 5 F 8 8 SElSE G 68 b 141
3.5.3 Relation of Polarization and Magnetic Field in LT
andiEPE o e D e L e 141
3.54 Time Variation of Polarization in LT and FPs. ... ... ... 143
3.5.5 Linear Mode Coupling and Reversal of Polarization ... .. 147
3.5.6 Determination of Intrinsic Mode . . . .. ............... 151
3.5.7 Modeling the MW Polarization Distribution Along
Flaring LoOPS . . .« cccoevricinioannaseissss oo 152
REIPIENCES .« « + + o ¢ sunisvaianaceons © « = o » vavt nwsissansrazaings o axs = & = o 2 myeipans 156
4 Theory of X-Ray Emissions in Solar Flaring Loops . . .. ......... 163
4.1 Thick-Target and Thin-Target Models . .................... 164
411 OVEIVIBW v 5 csiorimseet s 55 8 8 dn sratmiaiataca™ 4 s & 5 & o & & a9603 164
4,12 Thin-Target Model. ... ... esscoimmnantinsssssnses 165
4.1.3 Thick-Target Model . . .. ......................... 168
4.14 Relation of TwoModels . ........................ 171
4.1.5 Effect of Low-Energy Cutoff on Spectral Indices of
Blectrons and PhOIONS = s < s 5 5 466 & svovovseras 5 5 o 6 0 o= s 172
4.2 Propagation of Electrons and Its Effect on X-Ray Emission ... .. 174
42T "OVEIVIEW : : s i sessaivn & 5 4 4 5 &6 o 8 avalematars o i % 4 ¥ 5 & 174
4.2.2 Magnetic Mirror and Loss-Cone Distribution. . .. .. ..... 174
4.2.3 Formation of Loss-Cone Distribution . ............... 176
4.3 Spatial Distribution of X-Ray and y-Ray Brightness . . . ........ 181
4.3.1 Numerical Simulations of Spatial Distribution of
Energetic Electrons in Flaring Loops . ............... 182
432 Simulated Results of Spatial Distribution of X-Rays
AN PREYE = & & v5s 6 o 5 sonron s o SIS E s s ereana o 183
433 CODBIUSIONS: .« » « = = » = o o Srirropeiodlo & &8 575 ¥ 5 5 & sreleratare’s i 186
4.4 Spatial Distribution of X-Ray Directivity and Polarization . ... .. 186
440 Modeling: -iaes 015 = = 5 25 5 aoenenonen e iie e x 2l s o o3 cmgersieials 187
4.4.2 Directivity at Different Positions in Flaring Loops . . . . . .. 188
4.4.3 Polarization at Different Positions in Flaring Loops . . . . .. 192
44 ConcluSIONS icz o555 555 & o S0kEies 64w a s s v o8& somri 194
REFEIEIICES .. o o« » o o somsisiimnnie 2 0 o 5 0 59 65 EOCTTERE S5 5 % 5 & 59 & & aoes 195



Vil Contents
5 Observations and Explanations of X-Ray Emissions in Flaring
LOOPS . -« cooceeceein e seae e e 197
5.1 OVEIVIEW . . oo iteeeeeeasaen s e 197
5.2 Distribution of Hard X-Ray (HXR) Brightness: Loop Top
A REBE S e e o = ot SR ke e 2 oot o) cHloieA e BT S I S050% 3 198
5.3 Spectral Index of HXR Emissions: Loop Top and Feet......... 199
54 A New Pattern of HXR Spectral Evolution . ................ 202
5.5 Evolution of HXR Spectra in Dependence of Energies . ... ..... 204
5.6 Evolution of HXR Spectra in Dependence of Locations .. ... ... 208
5.7 Asymmetry of HXR Brightness in Flaring Loop Feet . ......... 210
REfEIENCES . - o o e oo oo i e e taee e aeieeeeeanaaae e 213
6 Diagnostics of Flaring Loop Parameters . .. ................... 217
6.1 "OVEIVIEW.. : : & o5 srsseoiera s 2 % s & & & & & Ewoxetrommm @ o o o 3 & o & ssieyone 217
6.2 Diagnosis of Coronal Magnetic Field and Non-thermal
Electron Density . . . ... covvveineenne ol 219
6.2.1 Diagnosis Method .. ........... ...l 219
6.2.2 Sudden Change of Transverse Coronal Magnetic
Component Around Magnetic Neutral Line . . . . ........ 222
6.2.3 Attenuation of Coronal Magnetic Field in Solar MW
BULSES.. & & < & ¢ & & ssraEradngs & o & 5 5 » @ o memeenemns o o 0 e 2 225
6.2.4 Evolution of Turnover Frequency and Magnetic field
with Flattened Optically Thin Spectra . . . ............. 229
6.2.5 Theoretical Scaling Laws of Coronal Magnetic Field
and Electron Power-Law Index in Corona. . ........... 233
6.2.6 Comparison of Radio Diagnosis with Extrapolation
of Solar Photospheric Magnetogram . . . .............. 241
6.2.7 Summary and Prospective . ........... ... 243
6.3 Diagnosis of Low-Energy Cutoff and Spectral Index of NT
EIECITONS . . o« o v v vveeeeameccnnnsvssssaannsnssssssons 245
6.3.1 Meaning and Debate of Low-Energy Cutoff ........... 245
6.3.2 Cross Point of Spectral Lines at Different Times . .. .. ... 246
6.3.3 Relation of Low-Energy Cutoff and Ratio of Radiation
Intensities or Spectral Index . . .. ........ .. ... ... 249
6.3.4 Joint Effect of Low-Energy Cutoff and Compton
Scattering on Flattened Spectra at Lower Energies. . . . . .. 250
6.3.5 Low-Energy Cutoff and Spectral Index of MW and HXR
with TwoMethods ..................cvmenenn. 251
6.3.6 Low-Energy Cutoff and Spectral Index of MW and HXR
with Strict Methods . . .. ccccveneinnereneonnonanns 255
. 6.3.7 Discussions and Conclusions . . .................... 261



Contents

X
6.4 Diagnosis of Pitch-Angle Of NTEIectrons . . . .« cvovovvecensn-- 262
641 OVEIVIEW < cvcouvoens nassiamaniinee s mnnioeit 262
6.4.2 Diagnosis of Mirror Ratio of Coronal Loops . . . ......-. 263
6.4.3 Diagnosis of Initial Pitch-Angle . ........ccooeeeenns 264
6.5 Evidence for Dynamic Evolution of Energetic Electron
SPECHUIM . . .« v vnvsrsmsnsnsosennenessmseatonsssss 264
6.5.1 OVEIVIEW .........ccocmenaesesnosmnsastescscs 264
6.5.2 Theoretical Prediction of MW and HXR Spectral
BVORIBON: 55 & « « o = o & svonmdi@ale & o & 3 88 9 o wonsiessinld 2 2 265
6.53 Observational Data ..........c.ccooeeeorenrmmnres 266
6.5.4 Theoretical Simulation of Electron Spectral Evolution
i1 MW SOUICES ce0 s « 5 6 6 5 5o o wronmoie 0/dd 415 0 4 55 3 00 wiee 268
655 COnCluSiONS. ....ccvusecsosmormuntoeessncconns 269
6.6 Diagnosis of Acceleration Site and Pitch-Angle Distribution
of Accelerated Electrons . . .. ...c.coeeborn ey 271
661 OVEIVIEW .. .ccoueovomnsninnfessssonmmeonnnses 271
662 'ODSEIVALIONS 5« <+ » = » » voconnioe 35§ 5 55 0 0 & Sominisrnin? 272
6.6.3 Evolution of Brightness Distribution . . .............-- 275
6.64 DiSCUSSIONS .. . covveeeermonmscosnmeneensneerres 280
665 COoNCluSIONS. ... ...coecevemeononnnmreeesceorss 286
6.7 Inversion of NT Electron Spectral IndeX .....cceceeesocnnns 288
67.1 OVEIVIEW ......cconvnosossnocosonanesescnncns 288
6.7.2 Comparison of NT Spectral Indices of MW and X-Ray
Emissions in Solar Flares . . . .. ......covovrneeee 290
673 SUMIIAIY .. ciioesssevummmanesnissssdsmesone 295
6.8 Radio Diagnostics of the Solar Flaring Loop Parameters. . ... ... 296
6.8.1 Method for Recovering Flaring Loop Parameters. . . ... .. 296
6.82 Determination of Model Radio Source Parameters . . . . . . . 297
6.8.3 Recovering Physical Parameters of Solar Flaring
BOGPE 5 5 5 ¢ = @ 5 & sieseimne e ® 8 § 8 8§ 9 & Swemaz e 2 88 297
6.84 CONCIUSIONS. . . .o ovvvevennmnssem s 303
REFEIENCES . o o oo s oneeisssssssosnmanessannsssnnesiocesyy: 305
7 Global Behaviors for Dynamics of Flaring Loops . . ... .......- .- 311
7.1 Global Behaviors Revealed by Observations
at Multi-wavebands . .. .........ceerrsna ey 311
7.1.1 Contraction of Flaring Loops prior to Their Expansion ... 311
7.1.2 The Relaxation of Sheared Magnetic Field . ........... 313
7.1.3 Possible Impact on the Lower Atmosphere . .. ........- 316
7.1.4 Sigmoid Magnetic ROpes . .. .....ooooeeemnmm e 317
72 Failed Eruption of Filaments . . .. .....oovvreeemmmereesss 320
7.3 Dynamics of MW and HXR Flaring Loop System .. .......... 323
731 INtroduCton. .. .......cocovermemsemeneerrmsers 323

732 ODbSErVAHONS . .« oo cvneecnsonmsssmssiaesenssenrs 323



Contents

7.3.3 Morphological Feature of AR10798 at H-Alpha

and EUV in Pre-flare Phase . ... ................... 324
7.3.4 Radio, Optical, and X-Ray Images of Flaring Loops . . . .. 325
7.3:5 TmE PIofiles: ;  « « i sscmrsazeas 5 5 2 % 5 5 o o srasswmmaia % % 5 @ 326
7.3.6 Evolution of Spatial Characteristic Parameters . . . .. ... .. 327
7.3.7 Trajectories of Flaring Loop Top and Feet . ........... 329
738 DISCUSSIONS i« © ¢ o o cvv vimeeioiaie oma e oo mnsoiomanennsss 329
739 Conclusions. . ...... ... .t 335
7.4 Quasi-periodic Pulsations (QPPs) in Microwave Band ... ... ... 336
7.4.1 Types of QPPs in Microwave Band . ................ 337
7.4.2 Theoretical Explanations of QPPs. . ................. 341
7.4.3 Relation of Repetition Rate and Burst Flux in QPPs . . . .. 354
7.5 Motion of X-Ray Sources Along Flaring Loops . ............. 359
751 OVEIVIEW . ...ttt e e e 359
7.5.2 Motion of X-Ray Sources Along Flaring Loops ........ 359
753 Summary ... 361
7.6 Interaction of Flaring Loops . ........................... 362
7.6.1 Typical Examples of Loop Interaction. . .............. 362
7.6.2 Statistical Evidence of Loop Interaction .............. 368
763 'CONCINSIONS: 5 5 ¢ 5 5 ¢ & 0 elteioGm b 5 6 5 5 5% 1 5 n wesssecsanimm 368

7.7 Numerical Models and Observations of Chromosphere
Evaporation . . ...... ... ... ... 368
T.7.). . InHOdUCHON. . « <. '« 5 & cliramsrasm o o 55 = 5 = 5 o Sasavaasavess 5 368
T2 NomericallModels : : . o cnssron g 5 5 ov6 w = 5 Bavawararan & 369
7.7.3 Observations of Chromospheric Evaporation . .......... 372
7.7.4 X-Ray and Radio Imaging Observations . .. ........... 380
TT.S SUMMALY ... ononnnnmrrieeeeiennnnsonnensoenss 382
References . . ... ... ... . .. 383
Appendix: Color Figures. . .. ... ... ... .. ... ... .............. 395
IR - < civave o armians s & sonems & @ svonars & @ sowas ¥ Sietei & WeSTEY ¥ ® WA B s AT @ 423



