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EovHcTBo Mupa

11. None aBnxywerocsa 3apsaga. MarHeTtnsm —
pensaTUBUCTCKUIN 3P ekT.

Ilonmas cumma, [JeHcTBylomas Ha 3apsOKEHHYIO YacTHIly B

SICKTPOMAarHHTHOM IT0JIC, paBHA
F= q|_\7><§]+qf,

910 — 06od1eHHas Gopmyaa JlopeHna.

ITepBoe crmaraemoe — cuia JIopeHma — 3T0 MAZHUMHAA COCIMABTAIOWAA
NONHOM CUTbL, IeHCTBYIONIEH Ha YACTHILY B 31€KTPOMATHHTHOM II0JIE; BTOPOE —
INeKMPULECKAA COCIMABIAIOUICIA.

F,=qf#xB|, F, =qE

ITona — sneKkTpHYeCcKOe H MATHHTHOE — HEPA3PEIBHO CBA3AHBL

IIpu mepexone X Apyroil cHcTeMe OTCUETA IIOJHAA CHIA OCTaHETCA
Tpe;KHEH; H3MEHHTCA JTHING Hale e€ o0bACHEHHE.

Cuny nyywe He BeoguTb! Cpasy nuwem ma. 437



11. NMone aBuvXKyweroca 3apaga. MarHeTtusm —
penaTuBucTCKun achexr.

v=0

B cHcTeMe 0TCuéTa, cBA3aHHOI ¢ snekTporom, £, =0, 1. k. amexTpon
nokouresa. CHaa He Heueana; 3TO — JJIEKTPHUecKas COCTABIAIOIAA CHIIEI
JlopeHna: NpOBOJHHK OKa3ajlcs 3apsUKEH IMOJOKHTEIBHO B 3TOH CHCTEME
0TCYETA H3-3a PEATHBHCTCKOTO COKPAIIEHHS €T0 JTHHEL IIOCKOIBKY OH caM
B 9TOMH CHCTEME /IBHKETCS CO CKOPOCTEIO V:

r=t -2 el
N = <h.

B pesynbTarTe 00BEM €10 YMEHBIITHICA, KOHIEHTPAHA IMOJI0KHTEIbHBIX
HOHOB YEBCIHYHIACE H HE€ KOMIICHCHPYECTCA OTPHLATCIBHEIM 3apAIOM

b e yCKOpeHue He ucyesno!
SddekTbl MarHeTM3Ma NoKasblBakT, YTO BECb MUP HE TOSIbKO
penaTMBMCTCKUM, HO M KBAHTOBbIN!
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3aBepwnM oueHky anga GPS - [noHacc

Buaum, uto addekTbl nopagka
02

c2

Huskue cnytHuKK 3emnu genatoT 060pot 3a 90 MUHYT.

OkpyxHocTb 3emMnn 40 Toic. kM. OTClOAa CKOPOCTb v ~ 8 KM/C.

Torpa v?/c? ~ 1077,
B cytkax t = 86400 cekyHA, YMHOXMM Ha ¢, MONYYUM OLUNOKY
10~ %t ~ 30 kM, noTouyHee 18 kM.
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SneMeHTbl acTpoHOMMUK: HebecHble KOoOpAWMHATLI

North
celestial

upper
pole, ¢ uimination

Celestial coordinates
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JKBaTOpUasibHble HeBeCHble KOOPAMHATSI

SkBaTopuasnbHble HeGecHble  KOOPAWMHATHl  Ha
WKONbHOW KapTe 3BE3LHOMO Heba. Boonb
MEepUAMaHOB OT/IOKEHO CK/IOHEHWe B rpajycax, a
N0 OKPY)XXHOCTU — MpsIMOe BOCXOXAEHMe B 4acax.
Cepoit NoN0COM NOKa3aHO NPUMEPHOE MONOXKEHUE
MneyHoro lyTM — Hawei lanakTMkM, Kak OHa
BWAHA HEBOOPYXEHHbIM FNa3oM ¢ 3emnu

B ocHoBe IKBATOPUANbHBIX KoopauHaT
NeXMT 3eMHas CUCTEMA KOOpAMHAT:  MpsiMoe
BOCXOX/AEHWe, OHO obo3Havaetcs RA  (Right
Ascension’) uAM «, WMMeeT CBOMM NpPOTOTUNOM

[IONrOTY, @ CKAOHEHUE § — WKMPOTY

8/37



Equatorial coordinates

North Celestial Pole

Ecliptic |
Autumnal |

Equinox Summer

Solstice

Yinter

Solstice Right
Ascension

South Celestial Pole

Celestial

9/37



Galactic coordinates

For more distant objects more natural system is the Galactic one:

longitude (measures from the center of our Galaxy - Milky Way)
and latitude (from the plane drawn in the ‘middle’ of Milky Way).

MHorth Galactic
Fole

Celestrial
By

b
L Galactic Le—¥ :
Equ=ator "

|
Galactic

To- centre

Sagittarius
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Milky Way infrared
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Milky Way multiwave




Milky Way multiwave-2

Atomic hydrogen (A21cm)

Radio 2.7 GHz

;e L .

Infrared
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Milky Way multiwave-3

Visible light

X-ray
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N3mepeHune nsnyyeHus

Luminosity — CBeTuMoCTb L - power — MOLWHOCTb, U3/ly4aeMas
06beKkTOM:

L=—.
t

PazmepHocTb BT nnm apr/c.
[ns MOWHOCTH, M3Ty4aeMON B eAMHMYHOM MHTEPBAJIE YaCTOT v,
MCNoNb3yeM Takoe 0003HAYEHME:

d€

L, )
dtdv

PasmepHocTb BT/l wnum 3pr/(c ).
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[ToToK 1 akcno3numusa

Flux — Motok S (unn yacto F') B acTpodum3nke (MOTOK HA3bIBAKOT OCBELLEHHOCTbIO
B HEKOTOPbIX pa3Aenax 3KCMepUMEHTaNbHOW PU3NKM) — ITO SHEPTUS, B EAUHULY
BpeMeHM t, noflyyaemMas e4MHUYHOM NNOWaaKon A feTekTopa,
OPVEHTUPOBAHHOM NepneHAMKYNSPHO PacNpOCTPAHEHUIO lyya:

_d€

T dtdA’
Exposition (fluence) dkcnosunums (bnyeHc) F' — nHTerpanbHas aHeprus,
NPUHATas efMHUYHOM NNOLLAAKOW AeTekTopa A, OpUEHTUPOBAHHOWM

nepneHaMKYNspHO PacnpoCTPAHEHUIO Nyya. ITa BeNMUMHA 06bIYHO MCMOMb3YeTCs
[N BCMbIXMBAKOLWMX MCTOYHMKOB, HAaNpUMep, raMMa-BCN/IECKOB:

de
dA”

F=

PasmepHocCTb: 3Heprus/nnowaap.
Korpa B 3aaaye BaxHa akcno3unums (dayeHc), To 6ykBy F' [ns NOTOKa NPUMEHSTL
y)e Henb3s. Ho ANns cnekTpanbHOW NAOTHOCTM NOTOKA NyTaHMLbl 06bIYHO YKe He

BO3HMKaeT:
d€

FVESUEM.
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0] nepesone TeKCTa NeKunm

ECHUBM
MTV‘BMDT .
1y
‘Dﬂam'n( o

E
ACTRy,

Reoeag,

https://urait.ru/book/

osnovy-relyativistskoy-astrofiziki-518300
OCHOBbI PeNSTUBUCTCKOM acTpodu3nKM : yyebHoe nocobue ans By30B
C. . bamHHmkoB. — Mocksa : M3patenbctso HOpaiit, 2023. — 221 c.
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Stellar magnitudes = 3B€3aHble BENYUHDI

A traditional way of measuring fluxes in astronomy is the stellar
magnitude (maq):

my —mo = —2.5(lg S1 —1g.So) = —2.51g(51/5)

- a zero point (ZP) my must be defined at some standard star
(usually Vega = «a Lyrae). All m’s and S’s here may have subscripts (v,
or U, B, V etc. for filters).

Absolute stellar magnitude M is mag at the standard distance d
of 10 parsecs. Since S o« d~? the distance modulus is

m— M = —2.5[lg S(d) — 1g S(10 pc)]

= +5[lg(d/10 pc)] = 5lgdpe — 5 .
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BaxkHoCTb BbI6Opa egmHuL,

BaxkHyto ponb B onpeneneHnn pacctosiHui 1, B 06WweM-To, Apyrux
du3MYeckMx NnapaMeTpoB HebeCHbIX 0ObEKTOB UrpaeT BbIGOP
NPaBUNbHbBIX EOUHULL U3MEPEHUS.

OpHa acTpoHoMMyeckas eguHnua 1 a.e.

~ 1.5 x 103 cM = 150 MAH. KM — cpeaHee pacCTosHUE MeXay
3emnen n ConHuem.
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M3aMepeHue yrnoB OaéT pacCcTOSAHUS

AHTUYHbIE ACTPOHOMbI 3HaNN paCcCToaHMe
Earth

o1 BeHepbl o ConHua B a.e. C NPUIMYHOM 2
LN CBOEro BPEMEHM TOYHOCTbI, TaK 4
Kak MpuM  MCNOMb30BaHWM  eAUHULbI

u3MepeHus a.e. BCE CBOAMNIOCH K

TOYHOMY onpeneneHuto YrNoBbIX ©

paCcCTOSAHUIA M BPEMEHHBIX WHTEPBAsOB.
OpHako  ykasblBas TO Xe  caMmoe
paccTosiHMe B 3eMHbIX  eAMHMLAX
M3MepeHUs, acTPOHOMbI OWwKnbanucb Ha

HECKOJ1IbKO NopaaKOoB.
Takum o6pa30M, n3Mepaa yrnoeBoe pacCtoaHne a Mexany ConHuem u

BeHepoii B MOMEHT, Koraa a Mexay HUMM MakCMMasnbHO (3N10HraLms), Mbl
HernocpeacTBEHHO nonyyaeM pacctosiHue mexay ConHueM u BeHepoi,
KOTOpO€ paBHO sin « a.e., CM. puC.
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Parsecs

The unit for interstellar distances, parsec: 1 pc = 206265
AU~ 3 x 10'8 cm, is again derived from measuring angles
(parallax), it is the distance from which 1 AU is visible at the
angle of 1 sec of arc (since 1 radian = 206265 arcsecs).
Eventually this leads to angular and parallactic distances.
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Kepler-Einstein

Discovery of Kepler’s laws and hence of the Newton’s gravity.
In one of his popular papers, Einstein gave the most brilliant
account of that story.
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Kepler: use Mars as a lighthouse

One cannot directly measure the dis-
tance Sun-Mars, because Mars moves
outside the terrestrial orbit. The idea of
Kepler essentially was to use a rotating
frame of reference where Mars is at rest
and to find from terrestrial observations
(made by Tycho Brahe)

the position of Earth corresponding to two elongations of our planet as
viewed from Mars - then one can find all angles and the distance
Sun-Mars in AU.
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Kepler's laws

This resulted in the great Kepler’s laws. The most important is the
3rd Kepler's law, that the square of the period of planet’s
revolution around the Sun is proportional to the cube of its orbit
semimajor axis.

KBaZpaTbl BpeMEH obpalleHus nnaHeT Bokpyr ConHua pacTyT Kak
KyObl 6ONbLLUMX MONyoCcen nx opouTt

This great discovery led Newton to the formulation of classical
dynamics and to the law of gravity.

For a circular orbit of the radius r around a star of mass M we
have for the velocity v:

v? = GNM/r,

from Newton’s mechanics.
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Kepler's laws-2

This derivation is OK while v? ~ |¢| < ¢?. If the period is P, then
v = 27r/P and
r?/P?* = M /Mg

if 7 is in AU, P in years. And this is the 3rd Kepler’s law. Note that
G'n does not enter in the units that we used, and it is convenient
to take the solar mass M, as a unit of mass M.
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TeopeMa Bupuana onsg 0gHOM NiaHeThbl

mu? = (GN)mM R (GN)M
T r
Ho
(2m)r

lv| = = 4% = Gy MP?

P
- 311 3aKoH Kennepa — MoOXeT 6bITb NOMyYeH U3 KBAaHTOBOM
MeXaHuKu!

Ecnu 3HaeM r u G, TO MOXeM nameputb Maccy ConHua.
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KBaHT pencreuga lNnaHka

Makc NnaHk cymen o6bACHMTL CNEKTPbl YEPHOTrO TeNa, BBeas
YPOBHW 3Heprun K = hv = hw, roe h — noCTosiHHag MNnaHka:

he " ~105. 1073 Mx-c = 1.05 - 10~ *"3pr-c.
2

Takag pa3amMepHOCTb Y GU3MYECKON BENUUMNHDI KOENCTBUE» —
noapobHo aencTeme 0bCy)KaaeTcs B KypCcax TeOpeTUHECKON U
KBaHTOBOM MEXaHMUKMU.
[na obbacHeHus doTo3hexkTa INHWTENH NPEANONOXKMA HANKYKE
yactmy - GOToHOB — C E = hv = hw.
JNeKTPOMarHUTHble BOJIHbI (POoTOHbI!) BeryT Kak

sin(wt — k - x),

Nt0601 3NEKTPOMArHUTHbIM CUFHAN MOXHO MPeACTaBUTb KAk
CyneprosunLmio Takux BO/H. YA06HO nucaThb U Tak:

expi(wt — k - x).

e bponnb npeanonoXxmn, 4To BCe YaCTULbl — TAKME XKe BOJSIHbl.  27/37



BCE 4aCTuULUbl — HE WAPUKHU, a BOJIHbI

34ecb peHTreH, X-rays, paccesHue Ha Kpuctanne bepunnus

28/37



BonHbl e bpornng ons yactuy

Ezhu:hw,)\:ﬁ,rp,eh—
p

noctosiHHag Mnaxka. Mmnynbc:

p= ik:hk,
2

27 .
roe k = —mn - BONHOBOM BeKTOp,
A PaccesiHne anekTpoHOB Ha

2w
MOAyNb KOTOpOro k = Sl BOJIHOBOE KpucTtanie KpeMHua

YNCNOo, w = 27TV — UMKAMYecKas
4acToTa, n — e4MHUYHbIMA BEKTOP B
HanpasfeHUK pacnpoCTpaHeHus
BOJIHbI.
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[NoTeHUMan U NOTEHUMANbHAS JHepruA

(=Gn)M
Br): =
,
MOTEHLMAN OTPULATENbHbINA, MOTOMY YTO MNOTEHLUMANbHASA SHEPTUS
m¢@ PACTET C r, @ HA 6ECKOHEYHOCTM YA0OHO CUMUTaTb ¢ HYNEM.
MNpoun3eoaHas (To4Hee rpagMeHT) NoTeHUMana faéT cuy, Ho
ropasfo BaXKHee He Cuna, a U3MeHeHWe 3Heprumn — paborTa.

Ons KynoHa
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Virial theorem - Teopema Bupuana

From Fock (1930), cm. base, 3envdosuy, llepenomos

ot = 06 = 6(H) =0

in the first order of perturbation v - the variational principle in
quantum case.

Jlobas cuctema CTpeMUTCS K MUHUMYMY MOTEHLMANbHOM SHEPTUK
(npumep - TPCEM MeLLOK C KapTowKom). PaBHoBecuHe Bceraa -
3KCTPEMYM 3TOW SHEPTUU, HE0DA3aTENBHO MUHMMYM. [NonHas
3HEeprus He COXPAHSAETCA NPU CTPEMJIEHWUM K PaBHOBECUIO — YaCTb
M3/1y4aeTcs, KaK B 3Be3[e.

Ho nHTepecHO NOCMOTPETb M Ha NOCNELCTBUS SKCTPEMYMA NOSTHOW
3Heprum.
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Nmeem
(€) = (Bxin) + (U).

MycTb Ry — paBHOBECHbIN pa3Mep CUCTEMBI, U

Ry
R

(%

Torna
(Bxin) — o*(Exin),

TaK Kak ans Hepenatneuctckmx (NR) yactumy,

Eyin o< p? o< 1/\?

Bapuauna U 3aBUCUT OT 3aKOHa B3aumopgencremns. [ng
KYNOHOBCKMX M HBIOTOHOBCKUX B3aUMOLENCTBUI

mimy
(U) x Z o a(U).
itk ik

[Ons KynoHa BMeCTo m; NULWLEM g;.
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Thus
(&) = @®(Byin) + a(U),

and variation of this gives
(&) = 2ada(Eyin) + 6a(U) = 0,
so with a = 1 for unperturbed state we find
2(Eyin) + (U) = 0.

This is the virial theorem for atomic Coulomb potential (and for
globular stellar clusters as well! See the use of Schrodinger Eqg.
for stellar dynamics in Widrow & Kaser, 1993, Johnston, Lasenby,
and Hobson (2009).
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For all those systems (NR atoms or plasma, NR stars and stellar
clusters)

& = (Exin) + (U) = —(Ekin)

so the loss of total energy £ corresponds to the growth of the
kinetic energy (FExi,). The same is true for the internal energy of
matter if it is in the form of kinetic energy of particles.

One can do U o ¥, but more important for us is extremely
relativistic (ER) case: Eyi, < p o« 1/, then

& ::<l;khJ +'<l]>:: 0.

Mouemy ons ER cnyvas Eiyi, o< p? Bo3bMéEM hOTOHBI, Y HUX

E = hv = hw, BNWHA BOMHbI ¢/v, U UMNYNbC NO dopMynam ae
Bpoiina p = E/c. Ha camom pene ne bpoiinb 13 onbiTa 310 3HaN -
onbITbl Jlebenea. [Ans 3NeKTPOHOB M MO3UTPOHOB C SHEPTMSAMU B
3BbI (B TbICAYM pa3 Bbllle MACChbl) — CXOAMTE HA YCTAHOBKY B
NuctutyT byakepa n nposepbte!
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Now let us consider non-interacting particles in a potential well.

From Schrodinger Eqg. for NR particles (and also for classical
objects!) if U o r* we find in the same way as above:

2(Exin) — k(U) = 0.

If ¥ = —1 we have Coulomb and Newton, £ = 2 - a harmonic
oscillator.
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YacTuupl (BONHbI!) B NOTEHLMANbHBIX SMaX

The case k — +oo corresponds to a hard reflecting wall, then (U)
tends to zero relative to (Fx;y,), but the variation of (U) is always
of the same order as the variation of (Ey;,). Since the force’ on
the particle is —VU, we define pressure P (i.e. the ‘force’ on unit
area, A = 1, of the wall) so as

5(U) = PAbz = P5V.

For our variations V' — V/a3, and when we express variations of
H again through «, we get

2(Eygn) — 3PV =0,

i.e. the same relation as in classical derivation:

<Ekin>

2
P=
3V
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KoHeL 21 nekumm
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