EAAHNIKH AHMOKPATIA

Edvikov kot KamodictpLakov
r ’
I[Tovemotnuov Adnvwv

HAwtakny Quoikn

Evotnta 2: EowTtePLKO Tou nAlou

zevodwv A. Mouoag
YXOAN OeTikwv Emiotnuwyv
Tunua Quolknc



EONIKO KAI KATTOAIXETPIAKO TTANEITIXTHMIO AGHNQN
TMHMA OYXIKHXE
EPTAXTHPIO AXTPOOYXIKHX




1 R 1]

—chbuq—E@ewﬂfﬁc%atﬁﬂtﬂﬁbgﬁﬁvTﬁ?»eﬁ]teq%v—eﬂwetwv—n—

%eﬂiquéfeg,gqét@cﬁ ri%wy-gteu

‘&ﬁn—(l—,tigﬂ

[T 1T

= : 1—Bll 7
[E:];T[L&y° Tiﬂ i' i ‘fﬂa ¥
5] D
§ l" ’ ALe. N W < ‘0 8 v ’ = ’ s = Ve
U DQ0OWe U ’ ’ ) ’ » MA» igle ’ ’






Tpormot taAavtwonc



 Me diapetpo 1 400 000 km, o HAlog nxel oe
XOLLLNEC CUXVOTNTEC YUPW armo ta 3 mHz,
TTOAAEC OKTOBEC KATW ATTO OTL AKOUEL O
avBpwmoc (16 ewc 20 000 Hz).



* HAIOKEC TOAQVTWOEIC £XOUV
eUPU PACUA ECWTEPIKWYV
OKOUOTIKWY KUMATWYV Kal
ETTIPAVEIAKWY KUUATWYV
BapuTnTac TTou dleyEipovTal
TUXaia atro TNV TupPwon
LUETAPOPA.



* p-mode 1 aKOLVGTUKA KOLLOLTA, Y10 TO OTTO10!

M mieon Tov aegpiov Eivor 1 OVVAUN TOL TO!
TPOKOAEL.

Méca otov ' HA1o ) toyvTtnTo Tov nyov givon
uetoPAn.

‘Exouv cuyvotntec > 1 mHz kvpiwg 2-4 mHz

KOl OVOULALOVTOL S-AETTEC TAAOVTMGELS TOV
HAiov (5 minutes => 1/300 = 3.33 mHz.)

‘Exouv TAATOC EKOTOVTAOES YIAMOUETPU



*g-mode 1 kopato PapLTnTog, Eivol KOUOTH TUKVOTNTOG TOV
opeilovton 611 PoapdTnTa, Tov ivot 1 OLVALUN OTOKATAGTOUGTC,.

‘Eyovv youniég cuyvotnrec (0-0.4 mHz).
2ymuotiCovtal otn Lovn petapopag (0.7-1.0 nAloxng aktivog).
AgV aviyvEDOVTOL GTNV ETLPAVELAL.

Aivovv evOEIEEIC OTL O TLPNVOC TTEPIGTPEPETUL 5 POPEC TAYVTEPL
oo TNV POTOGEOLPO

H Ydmapln toug apeioPnreiton amd moALoDS, 010TL TO TAGTOC TOVG
eVl LOMC LEPIKE YIMOGTA TOL UETPOV KO OEV OV VEDOVTOL.



f-mode n em@aveiokd KUPATA
gival €TTion¢ KUparta BaputnTag
KOVTA OoTn wToo@alpa



Ytrdpxouv Trepitrou 107
TPOTTOI TAAAVTWONG p Kal f

J. Harvey, "Sounding Out the Sun,"
Physics Today, October 1995, pages
32-38.
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J. Harvey, "Sounding Out the Sun,"
Physics Today, October 1995, pages 32-38.




Y1rapyouv trepittou 107 TpoTTOI
TaAQVTWONC p Kal f

J. Harvey, "Sounding Out the Sun,"”
Physics Today, October 1995, pages 32-
38.
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http://www.ifa.hawaii.edu/~barnes/ast110_06/doppler.html
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Credit: Jargen Christensen-
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Helioseismology

_eighton et al. (1962)
Ulrich (1970)

_eibacher and Stein (1971).
Deubner (1975)

Jorgen Christensen-Dalsgaard,Rev. Mod. Phys.,
Oct. 2002
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* R. B. Leighton, R. W. Noyes and R. W.
Simon, Astrophys. J. 135, 474 (1962).

* EpunvelBnkav w¢ Babea otaoiua
aKouOoTIKG KUparta atro Tov R. K. Ulrich,

Astrophys. J

o KOAEC HETPN

. 162, 993 (1970).
ocIC (apXIka) atro Tov F.-L.

Deubner, Astron. Astrophys. 44, 371

(1975).



(Model-Sun)/Sun

0.03

0.02

0.01

o

| |
o o
- -
'\ et

—0.03

Mo Diffusion
Diffusion

OFPAL EOS

R/R,

Comparison of sound speeds predicted by different
standard solar models with the sound speeds measured by
helioseismology.
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Comparison of sound speeds for Non-standard solar models compared with
helioseismology. The dashed curve represents the sound speeds computed for the
mixed solar model of Cummingand Haxton with 3He mixing. The dotted line
represents the sound speed for a solar model computed with the rate of the 3He(,
)7Be reaction set equal to zero. For comparison, we also include the results for the
new standard model labeled OPAL EOS






* A.G. Kosovichev
shows the radial
and latitudinal
variations of the
sound speed in
the Sun, relative
to a standard
solar model.
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Laurent Gizon and Aaron C. Birch,

Local Helioseismology

Living Rev. Solar Phys., 2, (2005), 6. [Online Article]: cited [<date>],
http://www.livingreviews.org/lrsp-2005-6
http://solarphysics.livingreviews.org/Articles/Irsp-2005-6/download/Irsp-2005-6Color.pdf
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Doppler images of the Sun’s

started with observations of acoustic absorption by sunspots using Kitt
Peak vacuum telescope (Braun et al., 1987, 1988).

Observations obtained by Hill (1988, 1989) at the Sacramento Peak
vacuum tower telescope solar oscillations give information about internal
horizontal flows.

acoustic waves (Duvall Jr et al., 1993).
the Taiwan Oscillation Network (TON),
the Global Oscillation Network Group (GONG), and the

Michelson Doppler Imager (MDI) aboard the ESA/NASA SOHO spacecraft
in a halo orbit around the L1 Sun-Earth Lagrange point.



Y™, are spherical harmonics,
o, is a complex mode amplitude, and
¢, (r) is the radial eigenfunction of the mode
with frequency w,,

5r(r,0,¢,8) = ) Y i Ent(1) Y70, @) eXmim!

n,{ m——I
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m-averaged power spectra of solar oscillations obtained from 512 min series of tracked
Doppler images of size 30x30 (near disk center) observed by MDI (left) and TON (right),
versus spherical harmonic degree | and temporal frequency. The ridges are labelled by
the value of the radial order n. From Gonzalez Hernandez et al. (1998).



South Pole data

Power spectrum of solar
osclllations observed In
prightness, geographic south pole
in 1994 (Ca Il K1 line, 6 °A

— PanApPAass).

-~ Courtesy of T.L. Duvall.

-
o » .
-
- -

— g~

™~
=
>
O
C
)
=3
o
©
-
—

100 150
harmonic degree




V(Mhz)

O 1 =

k< (1M1
-1_
>
=
i
o O. 5t
.
=

 (rmH=%

Comparison of a model filtered power spectrum with the filtered power spectrum
of MDI data.



A numerical experiment of wave scattering by a
spherical region of perturbed sound speed.

-50 0 50



A numerical experiment of wave scattering by a spherical region of perturbed sound
speed
the numerical travel times perturbations (solid lines),
the Born approximation travel time perturbations (dashed lines),
and the first-order ray approximation for the perturbed travel times (dotted lines),

A—=—10_ 0S5, Smooth Sphere




Geometry for a numerical test of the
Born approximation
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The m-averaged net power (incoming plus outgoing) as a function of frequency for two
representative values of degree |. These power spectra were obtained from the
analysis of 1988 quiet-Sun south pole data.

The p-mode ridges are labeled by the value of the radial order n.

The dashed lines show the background power (L, ). From Braun (1995).



Cuts at constant frequency through the three-dimensional
power spectrum.

correspond to cuts at frequencies 2.8, 3.5, and 3.8 mHz,
The outermost ring corresponds to the f mode,

and the inner rings to p1, p2, p3, and so forth.



e The data cube is Fourier transformed to obtain
(k, w), where k is the horizontal wavevector

and w is the angular frequency (approximately
a plane-wave decomposition).

 The three-dimensional power spectrum of the
resulting data cube, P(k, w) = |D(k, w)|?,



Tploblaotatn avalvon Qouple

P (o) + Bk 3
ﬁt(w ) 1_|_ ({J.J_U-’D_kUm COS?,fJ—kUy Sinw)g /72

W gives the direction of k
(the angle between x and k)



Theoretical Time—Distance Diagram
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Theoretical cross-covariance function for p modes, C(x1, x2, t), as a function of
time lag and arc distance, also called the time-distance diagram. In this calculation
the solar model is spherically symmetric.

Hence C only depends on the distance between x1 and x2 and is symmetric

with respect to the time lag t. Courtesy of A.G. Kosovichev.



>uvdLlooTiopQA, cross-covariance

e gyKApola-cuvdLakupaveonc (N LepLKEC POPEC
dlaouoyxETion, ETEPOCUOYXETLON)

cov(X,Y) = E[(X — px)(Y — py)],

* [0 ouvexeic ouvaptNoelc f (x) kat g (x) n
gykapoLa-ouvdLlakUupavon oplletal we

(f * g)(x) & ] F(t)g(x + ) dt
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Single-source Born approximation travel time kernel. The left panel is a cut in the

plane of the ray path; the right panel is a cut in the plane that is perpendicular to the ray
path at the lower turning point. The color scale shows the sensitivity of the travel time to
a local change in the sound speed. The solid black line, left panel, shows the ray path.
From Birch and Kosovichev (2000).



distributed sources single source

Comparison of the distributed stochastic source model (left panel) and the single-source
model (right panel) for f-mode travel time kernels for wave damping perturbations. The
observation locations are shown as black plus signs. The kernels are for the one-way
travel times (from left to right). From Gizon and Birch (2002).
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Slices through travel time kernels for the
effect of sound-speed perturbations on
mean travel times.

Top panel: no filters other a filter to remove = -
the f mode; middle panel: also includes
an approximate model of the MDI full-disk 12
MTF X (Mm)

-5

bottom panel: also includes a narrow

phase speed filter in addition to the MTF. In £ S -10 0
all of the panels the kernels are shown in " -

the plane of the ray path, which is shown  _, r
by the black line. From Birch et al. (2004). _20 -10 0 10 20

X (Mm)



w Map of the Model
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Inversion

Tests of an RLS

supergranulation-like flows.

middle panel: the inversion result after

Top panel: flow field in the model;
five iterations of LSQR;

bottom panel: inversion

result after one hundred inversions of

LSQR.

In practice one hundred iterations would

greatly magnify any noise in the data.
From Zhao and Kosovichev (2003a).
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a) b)
focal point focal point

Y

observer observer

Geometry for far-side imaging. (a) Two-skip correlation scheme. (b) One-skip/threeskip
correlation. In far-side imaging the data on the visible disk are used to estimate the

wavefield at focal points on the far-side of the Sun.

From Braun and Lindsey (2001).
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Angular Distance (degrees)

Time-distance relations at various focal depths, computed from a standard solar
model, based on ray theory, at 3 mHz. Each curve corresponds to different target
depths, as indicated.

For each curve, the dots correspond to modes whose | values are multiples of 10,
starting with | = 80 at the right end of each curve. The highest-l mode which can reach
the target depth is marked by an open circle on each curve. The | value decreases in
either direction away from the open circle along the curve. From Chou et al. (1999).



Line-of-sight velocity maps showing supergranular-scale flow, based on SOHO/MDI
high spatial resolution Dopplergrams.

Left panel: Line-of-sight projection of near-surface flows inferred from direct modeling of
seismic data.

Right panel: Velocity map obtained by averaging the 16 hr sequence of Dopplergrams
used in the seismic analysis. From Woodard (2002).
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Map of near-surface horizontal flows obtained for Carrington rotation 1949 using f-

mode time-distance helioseismology. A smooth rotation profile has been subtracted.

The dark shades are shorter travel time anomalies that correspond to regions of

enhanced magnetic activity.

Local flows converge toward complexes of activity with an amplitude of 50 m s—1.

Notice also the poleward meridional flow.

From Gizon et al. (2001).
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Lantude

OLA inversion of horizontal flows around active region NOAA9433 on 23 April 2001
obtained using ring-diagram analysis. The depths shown are 7 Mm (upper panel) and 14
Mm (lower panel). The green and red shades are for the two polarities of the magnetic
field. The horizontal and vertical axes give the longitude and the latitude in heliospheric
degrees.

Right panel: Horizontal flows around NOAA9433 as a function of depth and latitude,
averaged over the longitude range (142.5, 157.5) and the time period 23-27 April 2001.
The transition between inflow and outflow occurs near 10 Mm depth. Haber et al. (2004).
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timedistancehelioseismology. Overplotted is the line-of-sight magnetic field (MDI high

resolution) truncated at

+0.5 kG. The moat flow beyond the penumbra (red) is clearly

(2000).

visible. Adapted from Gizon et al.
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Flow maps around a sunspot at depths of (a) 0 — 3 Mm, (b) 6 — 9 Mm, and (c) 9 — 12
Mm, infered using p-mode time-distance helioseismology.

Arrows show the magnitude and direction of horizontal flows. The color background
shows vertical flows (positive values for downward).

The contours at the center correspond to the umbral and penumbral boundaries.

The longest arrow represents 1 km s—1 for (a) and 1.6 km s—1 for (b) and (c). From
Zhao et al. (2001).
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Vertical cuts through the sunspot
Upper panel: Cut in the eastwest direction. Lower panel: Cut in the north-south
direction. The location of the umbra and the penumbra is indicated at the top of each
frame. The longest arrow corresponds to a velocity of 1.4 km s—-1. From Zhao et al.
(2001).
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Wave speed perturbation associated with the active region AR9393.

The positive values are shown in red and the negative ones in blue. The movie shows
the evolution of the wave speed perturbation from March 25 until April 1, 2001. Courtesy
of A.G. Kosovichev. (To watch the movie, please go to the online version of this review
article at http://www.livingreviews.org/Irsp-2005-6.)



Horizontal slices through
the inferred sound-speed
perturbations under a
sunspot using

GONG data.

From top to bottom the
rows correspond to the
depth ranges

1.7 — 2.3 Mm,
3.6 —4.4 Mm,
6.2 —-7.3 Mm, and
5—-9.8 Mm.

The inversion results for
uncropped (left column)
and cropped data (right
column) are gualitatively

similar. From Hughes et al.

(2005).
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(a) Advective flow Ux versus at kR = 115. Each curve corresponds to a different

year (from blue in 1996 to red in 2002). Ux is measured with respect to the reference Rmag cos
(small magnetic features). Only the north-south symmetric component is shown. (b) Residuals of
Ux after subtraction of a smooth fit (dashed line in panel a). The scale bar has units of ms-1.
The black curve is an estimate of the mean latitude of activity. (c) Advective flow Uy versus at kR
= 115. Only the north-south antisymmetric component is shown. (d) Residual meridional
circulation with respect to the dashed line in panel (c). The scale bar has units of ms—1.



Teloc Evotntac



Xpnuoatodotnon

e To mopov ekmaldeuTLKO UALKO EXeL avamtuxBel oto mAaiolo Tou
eKTIALOEVUTLIKOU €pyou Tou dtddokovTta.

* To £pyo «Avoiktd Akadnpaika Madnipata oto Maveniotipo ABnvwv»

EXeL Xpnuatodotioel povo tnv avadlapopdwaon Tou eKTTOLOEUTIKOU
UALKOU.

* To €pyo uhomoleital oto mAaiolo tou Emixelpnotakou MpoypAppatog
«Ekmaidsvon kot Ala Biou Madnon» kat cuyxpnuatodoteital ano tnv

Evpwraikn Evwon (Eupwmaiko Kowvwviko Tapeio) kol amo €Bvikoug
TTOPOUC.

ENIXEIPHIIAKO MPOrPAMMA |
i EKMAIAEYZH KAI AIA BIOY MAGHEH — we” EZ"A

* *
* *
* *

ERLEVOVON TNV UOVWVig TNE YVWON UV

* =] - Jowirons o w o
YNOYPTEIO MAIAEIAXL KAl OPHIKEYMATON  EYPanAIKO KOINQNIKO TAMEIO
Evpwmnaikr 'Evwon EIAIKH YNHPEXZIA AIAXEIPIZHX

Ei (K6 Kovwviké Tapei
e e Me tn cuyxpnpatodotnon g EAAaSag kat tng Evpwmaiknig Evwong

2.Eocwteptkd Tou nAiou 66




2 NUELWLOTOL



>NUElwpa lotoplkovu Ekbooewv Epyou

To tapov €pyo amoteAel tnv €kdoon 1.0.0.

6 Tou nAiou 68



>NUElwpa Avadopac

Copyright EBvikov kat Kamodiotplakov Mavernotipov ABnvwy, Zevodpwv A.
Mouaoag 2015.«HAlaky Quokn. Ecwteptko tou nAlou». Ekdoon: 1.0. ABrva
2015. AwaBgopo amnod tn diktuakn dtevBuvon:
http://opencourses.uoa.gr/courses/PHYS2/

¢ 2.EowTEPLKO TOu nAlou
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>NUelwpa Adelodotnonc

To apov LALKO SlatiBetal e toug 0poug tneg adestac xpnong Creative Commons
Avadopd, Mn Eumopwkn Xprion MNapopowa Atavopn 4.0 [1] A petayevéotepn, AleBvic
‘Ekboon. E&atpolvtal ta autoTeAn £€pya Tpitwy m.X. pwtoypadiec, dStaypappata
K.A.TT., TOL OTIOLOL EUTTEPLEXOVTOAL OE QLUTO Kall Ta oTtoia avadEpovtal pall Pe Toug
OPOUC XPrONG TOUC OTO «Xnuelwpa Xpnonc Epywv Tpitwv».

[@ocel

[1] http://creativecommons.org/licenses/by-nc-sa/4.0/

Q¢ Mn Epmopikn opiletal n xpnon:

* 1ou 6ev mepAaPAVEL AUECO 1| EULECO OLKOVOLLLKO OPEAOC artd TNV Xprion Tou €pyou, yLa
To SlovopEa Tou €pyou Kot adelodoyo

* Tou bev meplAapPaveLl olkovoLKr) ouvaAlayn we polnoBeon yla tn xpnon n npooBacn
OTO £pyO

* Tou bev nmpoomopilel oto SLavopEa Tou £pyou Kal adelodOX0 EUUETO OLKOVOULKO ODEAOC
(r.x. Stapnuioelc) arod tnv npoPfoAr] Tou €pyou o SLASLKTUAKO TOTIO

O dwkatouxoc¢ pmopel va mapexel otov adelodoxo Eexwplotn adela va XpnoLUOTIOLEL TO £€pYyO yLa
TIopLKA xpron, epocov autod tou {ntnbeL.

P
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Alatpnon ZNUELWHATWVY

Ornoladnmnote avamapoywyn N SLooKeun Tou UALKOU Ba TtpeETmeL
va cupmeplAapBavet:

" 10 2nueilwpoa Avadopadc

" 10 2Znueilwpo Adelodotnong

= N 6nAwon Alathpnong ZNUELWUATWY

= 10 2Znueilwpa Xpriong Epywv Tpitwv (epooov umtdpyel)

noll e touc ouvodeVOUEVOUC UTIEPOUVOEGOUC.

¢ 2.EowTEPLKO TOu nAlou
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