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MS87*

Event Horizon Telescope A=1.3 mm
The Shadow of the Supermassive Black Hole

April 11, 2017

April 10
Astrophys. J. Lett. 2019. V.875, L1-17

O M = 6.5x10° Mg,



ALMA npegHasHa4yeH ongd N3yHeHn4d rnpoueccos, NponcxoanBLlnNx Ha NPOTAXEHUN NepPBbIX
COTEH MUSNIMOHOB NeT nocrne bonblloro B3pbiBa, Korga CbOpMVIpOBaJ'IOCb nepBoe MNOKoJreHne
3B€3a. C ero nomMoLbto nraHNpyeTcq NoJiyvdnTb HOBbIE AaHHbIE, 06bACHAKOLLINE MEXAHU3MbI

asonwoumn BeceneHHon.

Atacama Large Millimeter Array

66 aHTEHH:

54 aHTEeHHbI
anameTpom 12 m
n 12 aHTEHH
avameTpom 7 M.



https://ru.wikipedia.org/wiki/%D0%91%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B9_%D0%B2%D0%B7%D1%80%D1%8B%D0%B2

ALMA OBSERVATIONS
OF THE SUN
IN CYCLE 4 AND BEYOND

Scientific opportunities for the
first regular observations of the Sun
with the
Atacama Large Millimeter/submillimeter Array

SIMULATIONS FOR THE ATACAMA LARGE MILLIMETER OBSERVATORY SALMON

12. Solar Flares [Team H) s sssame s s e s s sn sa s ana s s nammn e s e e e n s e
H2.1 - Science Case 5C-H1: Interferometric observation of a flare @ 230 GHz.......cccvnenneu....
H2.2 - Science Case S5C-H2: Temporal and spatial evolution of @ flare ....vvcvcisescicsncsnensnn,
H2.3 - Science Case 5C-H3: Interferometric observation of a flare @ 100 GHZ....cccovevsevvensnn
H2.4 - Beyond cycle 4 - Science Case 5C-H4: Measurement of a two-point flare spectrum

Probing the Temperature Structure of the Solar Chromosphere with ALMA
by Alissandrakis et al. 2017-08-01 Solar Radio Science Highlights, 100 & 239 GHz.

Solar Prominence Modelling and Plasma Diagnostics
at ALMA Wavelengths

Andrew Rodger! () - Nicolas Labrosse’


http://cesra.net/?m=201708
http://cesra.net/?m=201708
http://cesra.net/?m=201708
http://cesra.net/?m=201708
http://cesra.net/?m=201708
http://cesra.net/?cat=1

Haunbonee sipkoe gocTuxkeHne TeparepueBot aCTPOHOMUM -
HabnogeHnsa YepHou ablpbl B [anaktnke M-87

ALMA: I/I3yqu|/1;| npoueccos, nponcxoamBLinx Ha nNpoTA>eHUn nepBbix COTEH

MWUNNMOHOB NeT nocne bonbuioro B3peiBa, korgaa popmMmpoBanoch nepBoe
NoKONeHne 38340

« «XonoaHas» BceneHHasi, B OCHOBHOM MeX3Be3Hble ra3onbifneBble
obnaka, obnactm 3B€30006pa3oBaHns

Probing the Temperature Structure of the Solar Chromosphere with

ALMA Dby Alissandrakis et al. 2017-08-01 Solar Radio Science
Highlights, 100 & 239 THz

Solar Prominence Modelling and Plasma Diagnostics
at ALMA Wavelengths

Andrew Rodger' () - Nicolas Labrosse'
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Sub-THz observations:
Clark and Park, 250 GHz (1968)

- KOSMA (Uni Ko6ln, Switzerland) 210-270; 330-365 GHz
(Kramer et al. 1998; Kaufmann 1999; Luthi et al. 2004)

- Solar Submillimeter Telescope (SST) (El Leoncito,
Argentina Andes) 212 & 405 GHz (Kaufmann et al. 2001)

- RT-7.5 (Dmitrov, Russia) 93 & 140 GHz (Rozanov, 1981;
Smirnova et al. 2013)

- 30 THz, El Leoncito, Sao Paulo (Kaufmann, 2013, 2016)

- 3 &7 THz in Antarctic (Kaufmann, 2016)




Solar Submillimeter Telescope, 212 & 405 GHz
(Kaufmann et al 2001);
El Leoncito Observatory, Argentina Andes (2550 m)

Pierre Kaufmann
1938-2017
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micww:‘ve( g;:) new flare observations (ISR)
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Motivation

Solar Chromospheric Flares
A proposal for an ISSI International Team
Lyndsay Fletcher (Glasgow) and Jana Kasparova (Ondrejov)

Solar Flares and the Chromosphere
A white paper for the Decadal Survey

H. S. Hudson, L. Fletcher, R. Turkmani, S. L. Hawley,
A. F. Kowalski, A. Berlicki, P. Heinzel

Giovanelli R.G. A Theory of Chromospheric Flares, Nature (1946)

Observations with New Solar Telescope of BBSO
Ji Haisheng, I. Sharykin, A. Kosovichev, I. Zimovets (2012-2016)

EWASS-2017 Special Session

Energy release and radiation in partially ionized plasma
of solar and stellar atmospheres

New challenges of solar flare models —



New Solar Telescope of Big Bear Solar Observatory

May 9, 2016: Mercury Transit Observed
by the 1.6 m aperture New Solar Telescope

pixel size = 0.029", diffraction limit = 0.084"



https://en.wikipedia.org/wiki/File:Old_dome_of_the_Big_Bear_Solar_Observatory_(Big_Bear_Lake,_California).jpg

Ji Haisheng et al. (ApJ 2012): In situ chromosphere heating up to T = 10° K
Observations with NST (< 100 km resolution) and AIA/SDO (~700 km resolution)

Upward injections of hot plasma that excite the ultrafine (£ 100 km) loops from photosphere
to the base of the corona. Energy that heats the corona is channeled through the ultrafine
magnetic loops in the form of plasma ejecta.

i /

3

/

AIA/SDO 171A images .

Atmospheric Imaging Assembly
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Sharykin & Kosovichev (ApJ 2014): Flare of August 15, 2013 observed
with NST, SDO, GOES and FERMI

HabntogoeHna NST BBSO ¢ pekopaHbIM
paspelwleHnem ~ 0,1” BbIABUIN paHee
HepaspeLnMyo TOHKY CTPYKTYPY |
BCMbILLEYHbIX JIEHT, COCTOSILLYIO U3 Lienoukn = —~ - F
Apknx aaep pasmepom 70 -100 km. .
doTtoccepa HarpeBaeTcsa Ao T =106 K
HEKOTOPbIM APYrMM MEXaHU3MOM,
OTNnYHbIM OT thick-target model.
MarHutorpammbl HMI/SDO ykasbiBatoT =223
Ha anekTpuyeckne Tokm 5x1010 A
NpPOCTPaHCTBEHHO coBnagawwme ¢ Ha ,
‘TIeHTaMy —71e
OHeproBblaeneHmne B fieHTax
HabnogaeTca 3a40ro 40 XXECTKOro
pPeHTreHa n He OObACHAETCA BTOPXKEHNEM B &
dootocdepy YCKOPEHHbLIX B KOPOHE YacTul,. -
[xoyneB Harpes? =&17

ar




30 THz emission detected during
the 2012 March 13 solar flare at 17:20 UT
Trottet et al. Solar Physics (2016)

F GOES: 1.0-B.04
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FLUK [3FU]

13 Mar 2012 -17:23 UT
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Solar flares up to 30 THz

Kaufmann et al ApJ 2013

Kaufmann et al JIGR 2015



Solar-T flight in Antarctic (U.S. McMurdo base)

BURST SPECTRAL TREND, 28 Jan 2016, 12:12:10 UT
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THz Solar Observations on Board of a Trans-
Antarctic Stratospheric Balloon Flight
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Two main problems:

(i) What is the origin of positive slope in the

spectra of sub-THz and THz radiation from
the Sun

(i) What is the origin of sub-second
and second pulsations with Q >103



Kaufmann et al. (ApJ 2004, 2009)
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Solar flare on Nov.4, 2003

Challenge in solar physics: > 104 sfu (108 Jy) emission at 212 and 405 GHz with
pulsations (Kaufmann et al. 2004, 2009).




Zaitsev, Stepanov, Kaufmann (2014): On the origin of pulsations in sub-THz
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To know the origin of sub-THz and THz radiation
we need:

Observation data (flux, spectra, fine structure, polarization)
Plasma parameter in the source (n,, T, B)

Source location, configuration, area S, volume V

Info about energetic electrons (energy, density, spectrum)
Info about wave propagation conditions, absorption



Sub-THz and THz emission

Thermal: Gradual (time-extended)

Thermal / Nonthermal: Impulsive

Mechanisms responsible for positive slope in sub-THz and THz
domains in impulsive phase remains uncertain.

For gradual phase: thermal bremsstrahlung from the chromosphere
and corona.



2003 Oct. 27 flare (Trottet et al.

Impulsive phase (< 3 min): Gyrosynchrotron
(t <1) + Razin effect, B~300 G, n ~ 101° cm-3,

1000.0 12:30:47 UT
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Frequency [GHz]

Time-extended phase (10-60 min): < 230 GHz
emission is produced in corona by hot and cool
materials at 7-16 MK and at 1-3 MK.

At 345 GHz — optically thick component emitted
by the chromosphere with T ~ 104 K.

Solar Phys. 2011)
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flux [sfu]

The 2003 October 28 flare (Trotett et al ApJ 2008)

KOSMA (BEMRAK) (210, 230, 345 GH?z)
CORONAS-F (HXR/GR)
and RHESSI (HXR/GR)

Synchrotron emission of positrons
produced in charged-pion decay ?

SUBMILLIMETER AND ~-RAY OBSERVATIONS
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Mopaenu cy6-Tl 'y nanydyeHus

(i) CuHxpoTpoHHOe nanyvyeHme > 10 MaB anektpoHoB ¢ B =2 1000 'c (Kaufmann et
al. 2009);

(i) TmpocnHxpoTpoHHOE nany4vyeHue, obbvsacesouwee W-cnektp (Melnikov et al.
2011);

(iii) YepeHkoBcKkoe usnyyeHue B xpomocdepe V> c/eg(w) (Fleishman & Kontar
2010). AnanekTpuyeckasa NpoHNLaeMocTb B XpoMmocdepe s(w) >1.

(iv) [NnasmeHHbIM MexaHn3M (Sakai et al 2006; Zaitsev et al 2013):

[TnasmeHHasa yactoTta anektpoHoB 200, 400 My
TpebyeT n = 5x1014 n 2x101° cm3

Ons nonHon nonusauum (M3 Caxa): tTemnepartypa xpomocdepbl T = 10° K.
CTOYHUK HarpeBa — YCKOPEHHbLIE JTIEKTPOHbI.

Mpn n ~10%° cm3, B ~ 3 kI w,/ wg~ 40 >> 1, T.e. NpUbNMKEHNE N30TPOMHON
nrasmbl MPUMEHNMO.




Two new mechanisms (Fleishman & Kontar, ApJ 2010)

(i) Diffuse radiation in Langmuir waves. Spectrum peaks at w ~ 2w, y?
Looks like Inverse Compton scattering: role of low-frequency photons
IS played by Langmuir waves, a = 2.

Long wavelength Langmuir waves k << w,/c Is the problem.

The origin of short wavelength (k ~ k' ~w,/c) Langmuir waves ?

The origin of relativistic particles ?

(ii) Cherenkov emission in the chromosphere V > c/Ng(o)
dielectric permittivity (o) >1 in partially ionized
chromosphere, =(w ) =1 —hgﬁf_ Jw? + 3 {‘is,m!l 8g, = ?

But: Origin of relativistic particles in the chromosphere?
The plasma above sub-THz source absorbs emission.



Krucker et al. Astron Astrophys Rev (2013)

2013

Mechanism
Free-free
Synchrotron
(electrons)
Synchrotron

(positrons)

Vavilov-Cherenkov

Microbunching

Plasma emission

Diffusive radiation

Gyrosynchrotron

Synchrotron maser

Inverse Compton

Summary of mechanisms

Arguments for

Known mechanism
Can produce dFv /dv >0

Known mechanism
Can produce dFv /dv >0

Known mechanism
Can produce dFv /dv >0
Correlation with y-rays

Can produce dFv /dv >0
Rapid variations
High luminosity

Association with GHz

Correlation with y-rays
High luminosity

Can produce dFv /dv >0
Can produce dFv /dv >0

Can produce dFv /dv >0
High luminosity

Association with GHz

Arguments against

Extended sources

Extreme parameters required

Extreme parameters required
Not enough positrons?

Dielectric properties unknown

Relativistic particles required

THz from gyrosynchrotron
Source of bunching unclear
Coronal pwave unclear

Free—free absorption

Origin of Langmuir waves

Extreme parameters required
Thermal HXR not observed

Extreme parameters required

Not enough photons

Ref.
(1,3, 11)

2,3, 11)

(2,3)

(4)

(%)

(6)

(4)
(8)

9)

(10)

(1) Bastian et al. (1998); (2) Silva et al. (2007); (3) Trottet et al. (2008); (4) Fleishman & Kontar (2010); (5) Kaufmann &
Raulin (2006); (6) Sakai & Nagasugi (2007a); (7) —; (8) —; (9) —; (10) This paper; (11) Kaufmann et al. (2009b)



Flux, sfu.

Increasing spectra
at 93 and 140 GHz
observed with RT-7.5 m
of the Bauman Technical
University

4-Jul-2012 flare

o] ST R N T

S Wouwoee

i i i h d i
9.9 2.91 9.92 9.93 9.94 9.95 9.96 997
Time (thours), M5.3, 04.07 2012 09:54:30-02:57:36 UT



GOES flus wHm—2

Tsap et al. (Adv.Sp.Sci. 2016): Flare of July 4, 2012

The non-thermal gyrosynchrotron mechanism is responsible for mcw emission near 10 GHz .
Mm spectral characteristics are likely to be produced by thermal free-free emission from the plasma
of upper chromosphere and transition region with T = 0.1 MK, n = 1011cm-3. The source area S = 4x108 cm?.
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Tsap et al. Sol. Phys. 293:50 (2018)
Millimeter and X-Ray Emission from the 5 July 2012 Flare

Increasing mm-spectrum between 93 and 140 GHz

observed with RT-7.5 of the Bauman NON—THERMAL GS EMISSION
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Morgachev et al. Geomag & Aeron. 57, 2017: Solar Flare of July 5, 2012

GYROSYNCHROTRON: NT electrons can be responsible for both cm bell-shaped emission
spectrum generated in the coronal part of the loop and for the increasing mm spectrum

generated in the chromosphere. An important feature of the model is the setting of the flare
loop inclination from the vertical at least 20°.

Magnetic field

ny = 10'° cm=3, B = 1000 G, and 0.1-10 MeV o
electrons with n = 10 cm=2 and spectral index & = 2-4. 1000
5 800
Flux map freq = 10 GHz Flux map freq = 58 GHz Flux map freq = 140 GHz l:-:«, GO0
80 F ‘ 80F 3\ 80 F 6\‘ 400
60 ; “. 60+ ! 60+ ) I', 200
- : 5 " ) {‘ Al D 1 1 1 — | 1
Eaf PO S | er S 2% 10°  —1% 10° 0 1 % 10° 2% 10°
ok A 20k P 20k Length 7, em
’r-l_.- "'. . ‘I'/ » . ) ® ’ .,"I‘ ) - Plasma temperature
0 20 4 60 80 0 20 40 60 80 0 20 40 60 80 10°
X px X px X.opx E
Flux map freq = 10 GHz Flux map freq = 58 GHz Flux map freq = 140 GHz ]Df' E
501 LN 501 (5§ sob & ;. E
150 - 150 < o 150 5
o & . w
", v v B~
» 100 Yo {100 oo 100 o .
e : 10 £
50 50 50 F
L L ]D.'i 1 _ 1 - 1 1 - 1
& - . &1 - . ﬁ-".'d _,I»‘ . —2= 107 —1 = 107 0 1 = 107 2= 10°
0 50 . 100 150 0 50 ¢ 100 150 0 50 y 100 150 Length Z, cm
X, px X, px X, px
" Plasma number density
10 E
200 E
5 150 '5 14 1
mﬂ 100 = 1oL
= E
= E
= 50 ]D':‘_ 1 _ 1 1 1 1
—2=10" —1x=10° 0 1 = 10 2% 107
0 ' L . ' Length £, cm

1 | |
20 40 60 80 100 120 140
Frequency, GHz



Morgachev et al. Geomag & Aeron. 58, 2018: Solar Flare of April 2, 2017

Flux density of mm-radiation increases with frequency throughout the entire burst.
Similarity of mm and SXR light curves suggests the thermal origin of mm-emission.
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Kontar, Motorina et al. A&A 620, A95 (2018) Frequency rising sub-THz emission
from solar flare ribbons TRACE 1600 ?S—F)ct—?l.’}I:{]E 11:16:20 _uT

—250[

Events must meet the following criteria: T
(i) Fluxes at sub-THz frequencies (200-400 GHz) > 10 sfu g
(i) UV images at the 1600 A band

_350__5:

¢ R
Y (arcsec)

—400f

List of flares with a rising spectrum of sub-THz emission.

_45p[ 1200 N/s, L L i
—250 —200 —150 —100 —-50

Solar flare (GOES class) Sub-THz (UT) 4 E density (sfu) UV(UT) Ay (arcsec?, X (aresec)
SOL2000-03-22T18:48 (X1.1)° 18:50:00  1.27+043 500 18:50:00 412 £5] 1 2h.T(Aa)?
SOL2001-04-12T10:28 (X2.0)* 10:17:54 |.uajgfgﬁ 8107 10:16:11 816« 189 F = BY \
SOL2003-10-27T12:43 (M6.7) 123230 1.68:0% 867 12:32:36 490 £ 143 2 R2
SOL2003-10-28T11:10 (X17)¢ :16:12 20708 45007 11:16:20 3590 + 506

SOL2003-11-02T17:25 (X8.3)° 17:19:30  [FAT 50000 17:35:38 1268 +349

SOL2003-11-04T19:50 (X28)/ 19:44:00 | 071702 18000 19:43:11 1969 + 390

SOL2006-12-06T18:47 (X6.5)% 184351 | 098728 6800 18:43:53 2785+ 182

SOL2012-10-22T18:51 (M5.0)" 18:48:30  TAT0E 50 18:49:52 148 £56

SOL2012-07-04T09:55 (M5.3¥%  09:55:30 |.2ﬂ;jE;33 394 09:57:04 14291 0 = log(F g5/ Fyy10)/
SOL2012-07-05T11:44 (M6.1)#  11:4424  133+0¢ 26¢ 11:41:52 12651

SOL2013-02-17T15:50 (M1.9)" 15:46:25  1.42°08 200 15:47:52 67 £27 log(405/212),
SOL2014-10-27T14:47 (X2.0)" 14:22:50 |.n?jgff§? 60 14:18:40 13353

SOL2014-11-05T19:44 (M2.9)" 19:53:40  0.63707% 30 19:53:52  15.6+15.4

SOL2014-11-07T17:26 (X1.6)" 172530 052700 70 17:25:28 202+ 99

List of Aares with a decreasing spectrum of sub-THz emission.

Solar flare (GOES class) Sub-THz (UT) d E density (sfu) UV(UT) Ayy(arcsec?)
SOL2012-01-2TT18:37 (X1.7)" 18:26:00 -1 .46’:5:% 140 18:25:53 522+ 163
SOL2012-03-13T17:41 (M7.9)° 17:23:10 —1.07*- 100 17:19:05 8o+ 44

SOL2014-10-22T14:28 (X1.6)° 14:06:50 —D.EEEE% 100 14:07:28 290 + 96
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UV observations of flare ribbons

Hard X-rays producing non-thermal
electrons in flares deposit most of their
energy in the chromosphere leading to
bright emission from the
chromosphere/transition region

UV images show flare ribbon emission
from the transition region and
chromosphere

We calculated UV flare ribbon areas at
the sub-THz emission peak

And found a correlation between UV
areas & sub-THz fluxes
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~50[T
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(Kontar et al.

1000

, 2018)
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Flux density, F(v) [s.f.u.]

UV flare ribbon areas and sub-THz flux

0 2120k | OF056H
F T=2x10% F T=2x10"%K  2-Nov-200]
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10'F - 10k
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3
10"} “ 0 E
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All radio fluxes at 200-400 GHz frequency range can be explained by the radiation
of an optically thick source with a plasma temperature between 2%x1074 K and
2%1076 K, which characterizes the chromosphere and transition region



Most of mechanisms require accelerated particles:

- Gyrosynchrotron

- Synchrotron (electrons and positrons)
- Vavilov-Cherenkov

- Plasma emission

- Microbunching

- Diffusive radiation

- Inverse Compton

What is the acceleration domain of energetic electrons,
In the corona or in the chromosphere (in situ)?



The most effective electron acceleration - in DC electric field

» E
e
—— Z
» B
4—
e o Z
» E

Acceleration rate (Knoepfel & Y- | 3/8 (_ /—_ )
Spong, 1979): L 0.35n VEIVaX EXP 2X —X/4

X=E,/E, Dreicer field |[Ep =6x107(n, /T) V /cm

X < 1: bulk of electrons are in ‘run away’ mode

Three ways:
(i) Acceleration in the corona
(i) Magnetic reconnection in partially-ionized chromosphere plasma
(i) R-T instability; in situ acceleration by electric fields



Magnetic Rayleigh-Taylor instability
(great role in astrophysics)

Kruskal & Schwarzschild (1954)
Chandrasekhar (1981)



Rayleigh-Taylor instability in the foot of current-carrying
magnetic loop (ballooning mode)

Zaitsev & Stepanov (Solar Phys. 2015)

z

SNy omee GEel G Geems Ghwe WD G

Plasma tongue

B=8mp/B?=1 R

CHROMOSPHERE

CORONA

PHOTOSPHERE

R-T instability condition:

nT 8AV (1)
+ > >1
2(n+n,)T, a“g
A — kBTe (Z)
_F _ 2nkBT — m. g
c Rz
B,(r,t) , B,(r,t) == [,(z,1)

Pre-heating of the R-T instability domain
to T = 104 K by the electric current in a

loop is needed.



Chromosphere pre-heating for ballooning instability

Modified Saha formula: (D I na)X2 — 7.2x10°T S exp (_ 6.583 — 1.185 XlOSj
— X

Xx=n/(n+n,)

Temperature to which the chromosphere should be heated for ballooning instability (n > n,)

Chromosphere density Temperature should be as high as

n, =n+n =10%, 10" 10" cm™ T ~2x10*K, 1.5x10°K, 1.2x10*K

Current dissipation is provided by Cowling conductivity related to electron-atom collisions

1"1a"r

_nmy VA (L+X)
The radiation losses ! (1-x)?

(Sen & White,1972)

g, = (1.397 x10°°T)**(n+n_)n

From g; > g, we obtain the lower boundary for the rate of photosphere convection that
rovides R-T instability:
P Y V. >35x10°cm/s



Induced electric field in a current-carrying loop
Before R-T instability: B,,(r)=const, B, (r)=B,r/a

Penetration of chromosphere plasma into a loop with velocity V, (r,t) ==V, (t)r/a

From Eqs %B =rot(V xB) and  rotE = —E% ——> E =—(1/c)[V xB]
C

—

No acceleration in instability domain!

For the time = I/V, = 5-10 s a disturbance dealing with B (r,t) is running away from
instability domain with V'=V,.

(@) Weak current p>>B ?/8n. Pulse propagation as linear Alfven wave with no E,

2 2
0°B, BZ 0B, oE, 0

¢ _

=0
ot Amp 677 or




Zaitsev, Stepanov, Kronshtadtov (Solar Phys. 2016)

(b) Strong current, p<<B?/8x

Induced non-linear electric field
Magnetic field disturbances are not component E, appears:
compensated by gas pressure gradient
6E, 1 B, 0B,

Z

or  c4mpV? ot

Electric field grows with increasing electric current
and for B)™ ~ 4V, reaches the value

0E,, 108,

o ¢ ét

212V, ol
B, =2rl,(z ~V,t)/ca® ==> E,, = C4a%BA220 ag ,

E=7-V,t

“Splitting” of the components

A pulse of magnetic field tension B¢2/87r escapes from R-T instability in

the form of non-linear Alfvén wave. Pulse of magnetic field pressure

B,?/87 remains in the R-T instability domain, and excites sausage
oscillations.




n(cm™)

4 Powerful
Small flares flares
1014
Region of optical
flares (Fritzova-
10 > Svestkova & Svestka,
1967)
E 12(AT
—Z =2.2x10° 2 o (A) =77
- Eo a“B,,An
Ep =0.1-10 V/icm
1011

l(l)lo 1(|)11 1(|)12 I (A)

Plasma density vs electric current for loop radius a = 107 cm, B,, = 2 kG, T = 2x10% K,
R-T instability scale A = 5x107 cm. The regions of super-Dreicer electric fields - in red.



Plasma sub-THz radiation — excitation of plasma waves and conversion into
electromagnetic waves:

- regular conversion (Sakai, Nagasugi et al. A&A 2006);

- Rayleigh & Compton scattering (Zheleznyakov & Ginzburg 1964)

Plasma sub-THz radiation: Preliminary considerations

Plasma frequency at 200 n 400 GHz means n = 5x10'4 and
2x10%> cm3. One can find such high density in the solar
chromosphere.

For full ionization: chromosphere temperature should be T =
10° K.

A source of heating — accelerated electrons
Ny ~1014-10% cm3, B ~ 3 kG.
Isotropic plasma approach is true, w,/ w,~ 40 >>1.



Plasma radiation at sub-THz
Zaitsev, Stepanov, Melnikov (Astr. Lett. 2013); Zaitsev, Stepanov, Kaufmann (Sol. Phys.2014)

Chromospere above THz source (blue) is heated
by evaporated plasma from THz source (red).

Heat conduction is less important.

a
T,="|1-expl—7, -7 )[eXp(— 7 )+ T [1—eXP(—7
FLARING LOOP b ﬂ[ Xp( n c)] Xp( ext) ext[ Xp( ext)]
C ngn
T “Transparency” conditions for
SN chromosphere:
o+ 1. \
/ - Large currents in flaring loops ~10* A
- Ballooning instability, which induced
electron acceleration in the chromosphere,
Chromosphere plasma heating and plasma wave turbulence
THz- soprce e Sy generation.
oV~ ‘\ »;’
A D - e W A ~ j Even for B =2000 G wy/ We, =40 >>1.
So, isotropic plasma approximation is true.
| O waadd ) |

e 4 S
E

é R IY * V) é% ’

Requirements to the source:

n=~5x10%em™3, T ~3x10°+10"K, n n
Sa)p > Vi — > 10_6

n, >10%°cm™, &, ~500-+1000keV n N



Conversion |— t: Radiation at the fundamental (w = w,)
and harmonic w = 2w, = (41)x200 GHz

Solar .
plasma “ Maser-effect y < O:
radiation: C
Tbl m.
T:3ml [exp(rnl)—l]z
at sub-THz .. e
6x10° exp(1.5x10"w)
- Too~ (NT)W2 w =W, nT
“Transparency” at plasma
turbulence level W > 104
at MHz-GHz

log(T,/T)

Dulk(1985): The free-free optical
thickness of 2 w, plasma radiation with
the same frequency as wp is lower by
0 ' ' ' ‘ a factor of 16.

log{W/nT)




Plasma radiation in sub-THz range: Scenario

Disturbance of electric current in flare VA NP )

loop due to ballooning instability. E,=- crzrl ~(1+5)x107 V /cem
Electric field generation .

Electron acceleration by induced E-field. g, ~ E,l, =500—-1000keV
Generation of plasma waves by beam n= b 00102002 £ 5510°

S

instability g C

Conversion of plasma waves into
electromagnetic ones (|—t)

Particle free-flighzt length:

Heating of chromosphere plasma by Ay Ay %A A 554 ~5x10" cm
accelerated electrons 2me’A
Accelerated particles don'’t leave the A< I1

source

3/8
E 2E E 6x107°n V
' ' ~£.035nv.| 2| exp|l-— D _ D E —
Heating rate by fast particles Qs ~ & EI(EZ) XF{ \/ E, 4Ezj D T o



UV emission from hot loop foot-points

UV emision in the range v, <Vv<V, (Shklovsky, 1965):

6 —hli=ve)  =h(va=vo) “hv,  —hvy
5-155x10°4 10 | o T _g kT 4 KT (e*e” —e*sT ) |EM
T 2hv,

EM = J] n“dldS~n%/ , v,=3.28x10"° Hz

For V = (1-5)x10%1 cm? in the range 225 A < A <900 A,
~ (0.05-0.25) ergcm? st for T=100K
and = (0.08-0.4) ergcm=s?1 forT =10"K.

Bruzek & Durrant (1977): max 3 in flares 102-10! erg cm=2 st



2019

Mechanism
Free-free
Synchrotron
(electrons)
Synchrotron

(positrons)

Vavilov-Cherenkov

Microbunching

Plasma emission

Diffusive radiation

Gyrosynchrotron

Synchrotron maser

Inverse Compton

Arguments for

Known mechanism
Can produce dFv /dv >0

Known mechanism
Can produce dFv /dv >0

Known mechanism
Can produce dFv /dv >0
Correlation with y-rays

Can produce dFv /dv >0
Rapid variations
High luminosity

Association with GHz

Correlation with y-rays
High luminosity
Can produce dFv /dv >0

Can produce dFv /dv >0
Can produce dFv /dv >0

Can produce dFv /dv >0
High luminosity

Association with GHz

Arguments against New arguments for

Extended sources Yes, extended sources
Light curves =~ SHR

Extreme parameters required

Extreme parameters required
Not enough positrons?

Dielectric properties unknown
Relativistic particles required

THz from gyrosynchrotron
Source of bunching unclear
Coronal pwave unclear

High B > 2000 G
Source size?

Chromosphere
transparency

Origin of Langmuir waves
Gyrosynchrotron +

Extreme parameters required
P a Free-free

Thermal HXR not observed

Extreme parameters required

Not enough photons



To the pulsation origin
() Thermal approach: Radiation losses lead to

effective cooling (Kontar et al. A&A 620, A95, 2018)

Cox & Tucker (1969);
Bian et al. (2016):

kgT
Afpag = SE—

c

But what are drivers
for pulsations?

.CI'J

-T:1I o ' #_f__.-
[ —I=0an
[ ——|=1n
t Freq=212 GHz
FrE:':|:-'1[j|'—_. GHz

10 10° 108
T [K]

Fig. 3. Electron number density n, vs. temperature for T = 10°-10° K,
r = |, and a geometrical depth of [ = 0.1 (solid lines) and [ = 1”
(dashed lines) for v = 212 (black) and 405 GHz (red). The pink and

blue lines indicate n, for the radiative loss times of At = 0.5.0.15,
respectively.



CyLuecTBylOLLME MEXaHU3MbI MySibcaLuii

YpaBHeHue J16Tkn — Bonbtéppsl (Zaitsev 1971) — He noaxoauT: P = (yv)12 ~ mc

dw ey

— =W - Eww”
d *
;{; = fww™ — vw*

EM3-konebaHus (Qin et al 1996) He o6bAcHAT R(F), kpome Toro Q << 102 n3-3a
noTepb Ha n3nyyeHme npu n ~101° cm3. YBenuyeHnune R ¢ poctom F Tpebyet B >1.

2
Pac ~ 2r _~01-1 cf=27kBT>c = B g1 v, cnfe(T)
\ﬁA L M 4mM

MeaneHHaa M3- rwona' nepuoa pacTeT CO BpEMEHEM:
N3rnbHas moaa: =1/lc,=10c.

Q




BcnbiweyHas apka kak RLC-KOHTYp

JUIs MaJibIX BO3MYIICHUN TOKA ypaBHEHHUE OCIIUJLIATOPA
(Khodac nkoetal.2009):

Bo3byxgeHune npu

|_a2 V|1, | —
{R(l }at e 0 T <<l R(1) <|V. |1, /(rc?)

1%l ® gl. 7 c*nm.S? S c?
R4 =y Lz‘“z('”—z—— Cr— 7 =6 8=z

cnmv, ar, 4

YacToTa ocuuIsauii v, = ©,/2n

onpenensiercs lu mapamerpamu o, — C - L ly
0 — ~
KOPOHAIBHOM YaCTH apKH /LC(I )) (2n)""* VA cr22 /nzmi
4|
[Ipu v, = 8 s’} B MakcuMyMe BCITBIIIKH A= ; ~

1o v, = 0.2 s*Baze 3aryxanus TOK
yMenblaercs ot 1y =2x10%2 A no l,= 4x1010 A .



CURRENTS IN THE SOLAR ATMOSPHERE, AND SOLAR FLARES

Alfven & Carlgvist, Solar Phys. 1967

L
l »
?L A
photosphere
""""""""" ; o v R
D
/| S \ ®
[\ /N
l,l' Y ;"ll '.II
/ \ yaun
Fig. 4. General pattern of electric currents in the solar atmosphere. The current exists in narrow
channels passing through the solar atmosphere and is closed in the photosphere or in deeper layers. C
| |
current /=10"" amps V'

inductance L=10 H

time constant t=10° sec

voltage drop over the interruption V=L dlfdt~ LIjt=10° volts
magnetic energy of the circuit W=4LI*=0.5-10*° joules=0.5-10°" ergs

Electric circuit approach for flaring energy release:

Stenflo (1969); Sen & White (1972); Spicer (1977); Kan, Akasofu, Lee (1982); lonson (1982);
Zaitsev & Stepanov (1991); Stepanov & Tsap (1993); Melrose (1995); Wheatland & Melrose
(1995); Zaitsev et al (2000)



RLC-mopgenb nynscauun B cyo-TI 'y anana3oHe

MoaundunumposarHbie A-konebaHns: vg ¢ =V, /I — 310 RLC-konebaHus ¢
K noytn nepneHanKynsapHOM MarHUTHoMy nonto B (cosB = Bo/Bz << 1).

Tpurrep BCMbIWKN: — NPOHUKaOLWME B XPOMOCKEpPHbIE OCHOBaHUS apku «A3bIKU»
nnasMbl BCeacTBNE HEYCTONYMBOCTU BanmnoHHOM Moapbl.

Onpegenvm gobpoTtHoctb Q = RY(L/C)12

L~=101=101%cm=10THu; C=(c?/V,?)S/l ~10* cm=0.1 .
[Mepuog P = JLC=1c. Cpeauuii 371. TOK BO BCIbIKe | =~ 3x1011 A,
« = W/ 2= (1019 10%9) /107 = 10*- 103 Om

N3 momHOCTH BenbIIKU: R,

Toporosoe R: R _ ~|V_|I,/c’r, ~(1-5)x10°Q2

Conporusnenne Kaymuura B xpomocepe: R, = 1030m, T.e. Q= 104>>1



BcnbiweyHas apka kak RLC-KOHTYp

JUIs MaJibIX BO3MYIICHUN TOKA ypaBHEHHUE OCIIUJLIATOPA
(Khodac nkoetal.2009):

Bo3byxgeHune npu

|_a2 V|1, | —
{R(l }at e 0 T <<l R(1) <|V. |1, /(rc?)

1%l ® gl. 7 c*nm.S? S c?
R4 =y Lz‘“z('”—z—— Cr— 7 =6 8=z

cnmv, ar, 4

YacToTa ocuuIsauii v, = ©,/2n

onpenensiercs lu mapamerpamu o, — C - L ly
0 — ~
KOPOHAIBHOM YaCTH apKH /LC(I )) (2n)""* VA cr22 /nzmi
4|
[Ipu v, = 8 st B MakcuMyMe BCITBIIIKK A= ; ~

1o v, = 0.2 s*Baze 3aryxanus TOK
yMenblaercs ot 1y =2x10%2 A no l,= 4x1010 A .



AMnnutyga nynscauumn: PelleHne HefIMHEWHOro ypaBHEHNA ONd
BO3MYLLIEHUI 3rieKTpuyeckoro Toka (Mmetoa BaH gep Nons)

1 d?y MI dy 1 d%y 5\ dy 3 1,
— L= +|R(l - Y es—ov— v Y L1 2y vy =
i {(o) }dt ey~ 0 /> T e(8 -2y Y)dr+(1+2>’+2>’)y 0

Manbii napametp: €=1/Q<<1 y=(1-1,)/1, T = ,t

— |Vr|ll .
c’r,R(l,)

y = A(t)e" + A" (r)e " Ar) = a(r)e""“’
PelweHne gnga amnnutyabl OCUUMMIALNMK:

2./8 _
3 72 YcraHosuBlieeca d = 2\/7 5 8 x10 2
1+£46—a J xp (—£50 ) } 3HaveHue:

0

a(r) =

y = 1O-1 _ 2./8 Cos{wo (1—3\/753/2)’[}

0



Moaynsuus cyo-TI'u nanydeHmna obszaHa mMogynaumm an. Toka —
MOAYNAUMA YCKOPEHHbIX YacTuy, —» MOAynAumsa YpOBHS Nfia3MeHHOM

TYPOYNEeHTHOCTH.
XpoMoCdEepPHbIN UCTOYHUK U3MTyYEHUA KOMMNAKTHbIN, HO OCLMINALNK

TOKa - BO BCEW KOPOHanbLHOW apke.

YcnoBue CMHXPOHWU3Ma Nynbcaunn

AnbdBeHoBckoe Bpema 7, =1/c, [OMKHO ObITb MeHbLLIE Nepuoaa
ocunnnaumn ~1/v, . (lamped circuit),

T.e. B,/B,<2V((r/)= 10,
OTO BbINOSIHAETCA ANsi BCMblweYyHblx apok ¢ I/r ~10 n B /B, <1.



[MponopumoHanbHOCTbL MeXay NOTOKOM U3NYyYeHUdA U
4acToTOM Nynbcaunm MOXHO OOBACHUTL OTKITMKOM Ha
OVCKPETHOE YCKOpEeHMe 3NeKTPOHOB B MCTOYHUKE —
xpomocdepe CornHua.

Marble Bapuaunm a51IEKTPUYECKOro TOKa

BbI3bIBaOT Bapuauum B, koTopble, B CBOIO ovepe[b,
NPUBOAAT K NOABNEHMNIO 3NEKTPUYECKOro nons BOosib
OCW BCMbILLEYHOMN METNN.

3710 anekTpuyeckoe none ABNAETCA NPUHNHOWN
[OMONMHUTENbHOIO YCKOPEHUS 3MEKTPOHOB

N UHXEKLMM TaKNX MNEKTPOHOB B 00MacTb U3MNy4YeHus.
B pe3ynbTaTte nosiBNSATCA CpaBHUTENBHO HebonbLUNe
(5-10%) AononHUTENbHbIE UMMYTbLChI U3MYYEHUS.

C poCTOM 351eKTPUYECKOro Toka pacTeT NoToK
n3ny4yeHust Ha cyb- Ty 1 0AHOBPEMEHHO YacToTa
nynbcauun. CroXHbi CNeKTp nynbcaunm cea3aH
C «MTFHOroneTrIEBOMN» CTPYKTYPON BCIIbILLKM.
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TTna3meHHbIN MexXaHU3M n3nyyeHus Ha cy6-TTy

obbacHsaeT 3aBucumoctu F(R)
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TTynbcauum. Borsoasr

LRC-mogens nynbcaumn, cBsisbiBawoWas moaynsauuio cyb-Tly
N3Ny4eHMa C COOCTBEHHbIMU KONebaHus MM  3NIEKTPUYECKOro
KOHTypa — BCMbllWEYHOM apku, obbscHAET cregyrowme
0CODEHHOCTU NyribCauun:

YacToTy nynbcauun (repetition rate) R = 0.2-8 s,
Bbicokyto 4O6pOTHOCTL nynbcaumn, Q >103,

Manyto amnnntyay nynscauumn, 5-10%,

CUHXPOHHOCTb Nynbcauun Ha pasHbIX YacToTax,
3aBucmmoctn F~R n F ~ R?, koTOpble CBUOETENLCTBYET
B NONb3Yy MnasMeHHOro MexaHnu3ma nanydeHus.

Ona noHMMaHua OU3MKKU 3HeproeblOerieHnss B Xpomocdepe
(«XpoMoOCepPHbIX»  BCMbIWEK) HeobxoaumMbl  MHOFOBOSHOBbIE
HabnogeHns. BaxHasa ponb NpUHAONEXWUT  UCCreaoBaHUIO
TeparepuoBoro nanydeHua (ConHevyHas 4actb npoekta ALMA).



Smearing mechanisms ?

PEAX FLUX DENSITY [ FLUX UNITS)

Castelli (1972) U-shaped

burst spectrum ;

1-18 GHz, every 0.2 GHz,
Owens Valley Solar Array

Radio broadband W-shaped burst spectrum
spectral coverage

A: plasma waves

B: gyrosynchrotron
C: ? not known

4100000

0.245-15.4 GHz, 8 frequencies,
USAF RSTN

SOLAR-T

-

The new THz spectral

T

45 & 90 GHz, El Leoncito
Patrol Polarimeters
2011

0.2 & 0.4THz, SST,
El Leoncito

Bauman Inst. 90, 140 GHz

component
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3 & 7 THz Solar-T
Balloon




SOLAR-T DOUBLE THz RADIOMETER PROTOTYPES

Blackbody radiation source
Newport Oriel 67000 Series

Rough surface reflector

: Newtonian 4
P7<):I| telescope
I d=75mm

Concave Mirror
d= 150 mm

> Tunningfork chopper 5§
Band-pass 6
Low-pass 7

Golay cell
9 Multimeter

>

Amplifier
Rectifier

Integrator

(a)

(b)

Voltage [mV]

Serie 1- CCS - Sun 0,2 pol - 23.02.2011
Golay Cell with Tydex Black, Rough Mirror E10, and 2THZ @ 20 Hz
Amplifier[100/1]/Rectifier/Integrator 200ms Average Output DC

950 1000 1050 1100 1150 1200 1250

Temperature [K]

1300




STRATOSPHERIC BALLOON MISSIONS TO CARRY SOLAR-T SOLAR PHOTOMETERS

McMurdo

Long duration (7-10 days) arctic balloon flight (
Kamchatka-Volgograd (2013-2016) 8 ton platform \

g
2. ‘

_E
a0

\

Double 3and 7
THz radiometers
payload
with new
concepts
for photon
concentrators,
sensors
filters

Mackenzie EE-CRAAM, UNICAMP-CCS, INPE, CTI, INATEL, CONICET-CASLEO (Argentina)

PREDICTED SOLAR-T
EXPERIMENT POSITION

Planned: long duration balloon flight
Lebedev Physical Institute, Moscow, Russia



MakeTt HA «ConHue-Teparepu» ana MKC
PNAH — MAU

Ha nepBom 3Tane co3gaH NPUEMHO-AETEKTUPYIOLLMM TPAKT U U3rOTOBJEH
MakKeT o4HOro KaHana peructpauuum TI'y nanyvyeHusa B guanasoHe 0,4-10TIuy

Bapokamepa ¢ nomMmeLweHHbIM BHYTPb MakeTtom HA



Conclusion

No consensus about mechanism of sub-THz and THz emission in impulsive phase

of solar flares up to now .

New observations directed to the spectral information in sub-THz and THz bands

are needed. The main contribution - from observations at sub-THz (93,140, 220,
350, 400 GHz, and 1-30 THz radiation from flares.

Plasma mechanism of sub-THz radiation is realized at the electric currents

~ 10! Ain the flare loops due to ballooning mode instability leading to the particle
accelerated in the chromosphere, heating of the plasma and the excitation of
plasma turbulence. But for § <1 B > 2kG.

Thermal plasma (T ~ 104 —10° K) of the chromosphere/transition region with T > 1

can be responsible for sub-THz radiation with positive slope. The model provides
a temperature diagnostic of the flaring chromosphere and transition region.

Spatial resolution is very important!



C. De Jager: “Flares are different”

HoBble BbI30BbI: Ji Haisheng et al (2012), Sharykin &
 HepocTtaTKn «cTaHOapTHOMNY Kosovichev (2014):
Moaenu in situ heating of loop footpoints up to

coronal temperatures without

« «ConHueTtpsaceHna» o
precipitating coronal beams.

* [NpensecThukn BCribiLLEK Simoes, Graham, Fletcher (2015):
Ctapasd, Ho HepeLllEHHasa npobnema beam heating alone isn’t sufficient to
KONM4YecTBa YCKOPEHHbIX YacTul heat ribbon plasma at 10 MT even
(Hoyng, Brown & Van Beek, Solar Phys 1976) low-energy cutoff = 8 keV.

YTo npeanaraercs:

BaxxHas ponb gooTocdepbl 1 Xpomocepb!

BakHas ponb anekTpuyecknx TOKOB N MHOYLUMPOBAHHbLIX SNIEKTPUYECKMNX Nonen
Passutne nogen AnbseHa: Benbilka — 3KBMBaANEHTHbIN 3MEKTPUYECKUIN KOHTYP
Ponb HeycTtondnesocTtn Panes-Tennopa

[Mepcnektmebl TIy nccnegosaHnm aktueHoro ConHua




Cnacunbo



