Stellar Astrophysics
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Want to caleulate Flux
we observe at surface

* (Qpacities based on temperature, density, electron
density, etfe

* Generally pick an optical depth of 100-1000 which is
about 1 percent of the way into the star

* Below this, assume isotropic radiation i.e. not much
contribution to what we see

* Must respect Saha, Boltzmann, hydrostatic
equilibrium, stellar structure, radiative transfer, ete.




Grey Atwmosphere

* Assume frequency independent opacity, opacity is
colorless ‘grey” optical depth is frequency
independent

/u—du—/[l Syldv=1-S8

* J = S (using radiative equilibrium eq 2.94)
I g /O B b )

T

* lntegrating over solid angles and dividing by 4 pi
gives the first moment




138w/ 1 dH
47TdeUIdQ:E (I_S)dQ—J—S_d_T

which equals zero for J = S meaning the integrated flux is constant
in the atmosphere

Recalling the definition of the Eddington flux in terms of the
monochromatic flux

oT4
eff
Rl
47
but

="H
So
Ko=Ht+c

and J = 3K so
J=3(HT + c¢)

dKo
dr
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rewriting c=yH
J(17) =3H(T +v)

and recalling
= 0T4(7')/7r

and

4
s 0l ¢y
47

Leads to
4
aTe £

oT4(7) S

T 47
or

T(1) ~ Teff[g(’r + )]/

(T +y)
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Which says

* The ’r;mpera’rure inside a star increases with optical
dept

* Assuming that the effective temperature and frue
temperature are equal at a depth where thereis a 50
percent probability of photons scattering upwards or
inwards leads fo ¢ =.

* ortav 2/3%
* resulting iny=2/3 or T(7) = Ty f[Z(fr + g)]l/4
* This is a RESULT we see radiation from tav = 2/%
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This result is an
approximation

* More detailed calculations are required

* Beyond the scope of this course
* Does a pretty good job though




Limb Varkemng

J(r) = 3H(r + )
I,(0,u) = / S()eJ@

Integrating over frequency gives and recalling S=J

1(0,u) = /0 Jt )eu@=/ooo3H[t —]eu@_sﬂ[u —]

U U

Or
I0,u) 3 2
701 5%t 3




Ta>Tp =2S,> S,

Figure 4.2 Illustration of the limb-darkening effect. The radiation from the disc’s centre
(here the observer is on the right side of the star) comes from hotter layers (with a larger
value for the source function) than the radiation coming from the portions of the disc near
the limb.

Essentially, when you are looking at the disk center you are
looking through less atmosphere at a higher temperature
source function
When you look at the limb you are looking through more
atmosphere to a lower temperature source function
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Line Opacities and
broadening

* We wwust differentiate hetween continvum
(total) opacity and line opacity

* How much the overall spectrum is reduced across
the board vs how much single lines are reduced

* Think the reduction in the blackbody spectrum vs
a sinale line like the Hydrogen Balwmer line
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Line Opacity

kv b L LA e AT == '
p mcfﬂ“ﬁ a(v)n;

e

* fij is the oscillator strength and ranges hetween 1 and 0,
describes the probability of a transition from lower level i
to upper level j

* deterwined experimentally or from quantum mechanics
* Take Quantuwm 2 if yov want to see how this is done

* 1,i8 the line profile function, it may be thought of as the
likelihood of an atowm to absorb a photon of frequency nu

* Essentiallyn;v, is the number density of atoms in statei
that are able to absorb a photon of frequency nu and, as a
consequence, able to re-emit the photon later
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Line Profile

£, — ke | A,
Vo = EL%—Q a |b (m>vy) = ¢ (IM2r)

Ca
Ei—’_}L}AE;

Figure 4.4 [llustration of the effect of the width of atomic energy levels due to the uncertainty
principle on the profile of an atomic transition between levels 7 and j. Here, the energy levels E, and
E, are those obtained by Schriddinger’s equation, while AE, and AE, are the corresponding uncertain-
ties predicted by Heisenberg's uncertainty principle. The value I'/2x represents the full width of the
profile at half-intensity.
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Line Profiles

* Several physical effects can change the line profile
* Natural broadening

Doppler broadening

Pressure broadening

Rotational broadening

There are more, B fields, turbulence, ete

We'll concern ourselves with a few

CIERRE BEAE . JRERE BERE JRRNE

Since this is essentially a probability distribution function

/ 0y (i AYd ==
0
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To understand spectra

* Need to include all effects and calculate
line profiles then fit them
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Natural Broadening

* Heisenberg uncertainty principle leads o a broadening of
photon frequencies able to interact with an atowm in a
given excitation state

AEAT >
47 g
* Leads to the Lorentz profile v, = 413
e e

gy SRy eaey
T

* Where T is the radiative damping constant and 5—is the
full width at half maximum of the line profile.

* The maximuwm of the line profile reached is vy and

at the half maximum frequency is ¥(rm = v0/2) =

N
s | N




* Leading to a frequency dependent cross
section

IE

2
4772
<K > K = o\vin;
”Lecfm (V — V0)2 | (41;-)2 i ( ) :

* For general line the lifetimeis 10-°
$econds Ay ~ 108hz — AN ~ 10~ *angstroms

* Meaning natural broadening only plays
a small role, other mechanisws
contribute much wmore

mTe

a(v) =
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Doppler Broadening

* The thermal motions of particles in an ideal gas or
in LTE follow a Maxwellian distribution

* Essentially, particles that are characterized by
some temperature T sutfer collisions with each
other that tend to impart momentum to some at
the expense of the momentum of others

* This distribution also depends on the mass of the
particles, heavier particles transfer momentum
less effectively as their inertias are greater




Maxwellian
Distribution

* The Maxwellian distribution Flvivyv:)
represents the probability of finding a
particle with a given velocity. Itis
normalized to one

* For N particles the number with a given
velocity is N Flvivyv:)

* This may be derived from statistical
mechanics




* The probability of finding a particle with velocity

vector VIS m s —matvgtvd)
Ty b e (27rkBT)2e 2k T

* More generically we are interested in finding the
probability of finding a particle with a speed in
between V and V+dV in a given volume. This is
derived by recasting the above equation in terms
of V and wmultiplying by a spherical shell of width
dV in velocity space. This gives

F(V) = 4nV2 ()i e T2

QWkJBT
* Where v2=12+02+0?2




Different likely speeds

* Most probable speed comes from maximizing above
function ;, _ /2kT
e

m

* The mean or average velocity comes from finding the

expectation value of velocit
2 o ' 8kp T’ =2
<V >= fo VE(V)dV =/~ = —ﬁvp

* Theroot mean square speed

Vema = ([ V2Eav2 = 28T [y,
0

m 2
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Why this is important

* The frequency of light that a moving particle sees is doppler
shifted due to its velocity and the particle then sees a
frequency other than the rest frame frequency of the
photon given by i

14

Vobserved — (V 2 )

* S0 nhow our frequency dependent cross section is really
dependent on the observed frequency of light

* The true frequency dependent cross section is now a
convolution of the natural cross sec’rlon with the velocity

distribution riat /_ it )F( \dV
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You should be seratching your head

* Gonvolution?

* Take two functions

flz)*g(x

)= [t

g(t—x)dt

* The convolu’non is the measure of overlap as they
mirrored g function is translated across f

x(1)

h(l;-1) til

-
1
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Now the line profile is (with
’rhe following deﬁnifions)

av
V f 1] / [ yV 471' ] 'V})

Vobserve d +(41;.)2

gt ZA0aH S e de V= Vobserve d
Ay = — AVD == : V= Rt
AV V I
Y=~  a=
AV, A4t Avp

* Leads fo () \/_2 H(a,v)

M,C fig Av,
* Where H is the Vouq’r funcﬁon defined as

a ey




* Norwalizing the Voigt profile leads to
H(a,v)

\/7_;-
* and a normalized line profile

blv) = o)

* |nthe core doppler wins, in the wings, natural
broadening wins

titary)r=

log ¢,

Figure 4.6 Lorentz, Voigt and Doppler profiles of a hypothetical atomic line.
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Turbulent Broadening

* If turbulent velocities (say due to
convection) play a role in the motions of
the particles we add this in quadrature
to the definition of Avp given above and
H’ becomes AVD b Vobserved (sz + vtzurb)l/2

C

* The line profile function still proceeds as
calculated above




The absorption profile
epends on densit

| v_—- - — r—-o —-'__A——L—_ﬁ 4
\ :
\ ,z s’ .4
\ 7
h. || { ,/ :
‘ ¥ 4 :
l ¢ E
\ P R [
\\ } ’/ ”.. 'm -]
\\ ‘ /I ”-‘5"'0' —— - :
\ ! A \x4 Lll‘ A 1/ A A | A
-0 0 20
AMA)
P ———— 3 y—— —— m——
1 ) T /x—
4
p
08 I
1 . - . \ ,
] - . |‘ f
-
D-‘ ’ \\ | '
Q4 . ”
| " / S Ngm10%
02 ‘ ¢/ NumiO®
OO _ .
0
4 2 0 2 4
avA)

Wednesday, September 25, 13



In Practice

* There will be overlapping lines

* Need to fit spectra with multiple Voigt
profiles for different lines

'




Rotational Broadening

no rotation large rotation

Figure 4.8 Illustration of the blending of two atomic lines. On the left, two atomic lines
are shown in a spectrum of a star that does not rotate, while on the right, these two lines
are blended together for a star with a large rotational velocity. Note that the blended line is
no longer symmetric.

Vsini = 1.5 km's t
NI
axis of rotation ‘ 1
& Fell
% t 1
\ equator t Fell Fell
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& .
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“l’\o-of-stgh! v T T T T T T T T T T T T T 1
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Figure 4.10 Observed flux for two stars of similar effective temperatures (T =
o 12000 K) but with different rotational velocities. The upper curve represents a star
Vaini that has a relatively large rotational velocity (Vsini = 25 km/s) while the star represented
by the lower curve has a small rotational velocity (Vsini = 1.5km/s). The two spectra
are horizontally shifted to distinguish the two curves. The lines from several ions are identi-
fied in the figure. These spectra were extracted from the European Space Organization
(ESO) Archive, and were processed and kindly obtained from Mouhamadou Thiam.

Figure 4.9 lllustration showing that the component of the rotation velocity at the equator
(V) along the line-of-sight is Vsini where 7 is the angle between the axis of rotation of the
star and the line-of-sight.
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Side Topic

* Three general types of astronomers
* Theorists
* Observers
* Engineers
* Each compliments the other
* brief description
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* Form in binary systems
when one object
overflows it roche lobe

* Also forms in early
galaxies

* Results in jets, novae, ete

* We wmay cover in more
depth later

Accretion X-ray heating

disc \ 'l
* Hot spot |

- <

' N

/ Accretion \

\
\
Companion
star

Disc wind stream

PP
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drawing of Cygnus A
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We apply the above line profiles
modlﬁed fo mclude GK

,012-. ouz

F, o, uris]

Allows us to probe GR effects, determine mass, rotation, ete.




Pack on topic
Pressure Broademnq

* Above processes only
include electrie
potential

* In a star collisions
also come intfo play

* Electric field of
colliders introduces
Stark effect and van ol g
Der Waals ef fect % & &




Zeewman Effect

* Fields generated
by dynamo
action

* Twisted field
lines lead to
reconnection -

(b) magnetic

enerqy goes

into thermal
enerqy




Zeeman Effect

* Lines split in the presence of an
external magnetic field

' -
‘(\ P - with magnetic
field

no magnetic
field

T3

Figure 4.12 lllustration of Zeeman splitting of an atomic energy level and its effect on
the atomic transitions.

. -
2 : . - Yohkoh X-ray image of a Sclar Flare. Combined "na?c in Soft Xorays (Jeft) and

- . SoN X-rays with Mard X-ray Conlours (right). Jan 13,1982
- &,_ -
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Zeeman Effect

* Generally the split is foo oremssas
small to be resolved but ZEEMAN EFFECT e s
still results in broadened
lines which may be used to | I
estimate field strength > L. Bl

i SO'&I’ mag“e‘ric ﬁ€|d Zn 4680;\ In a magnetic field ““I m "
50-400 wicro Tesla 108 CIGRISY s, apacs Il |

nols Bat each Bee Ik yymmelically
aboutt ity hund am enfal wawelingth

* Neutron stars magnetic
field 108 Teslas

* Earth’s magnetic field
25-69 wicro Tesla

* Sunspot 10! Tesla
* NMR 235 Tesla
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Einstein coefficients

* Stimulated absorption B;

* Excites an electron, a photon comes in and is absorbed
* Spontaneous ewmission A;

* Happens naturally, an electron de-excites and a photon is released
* Stimulated emission B;

* Lasers/Masers

Upper lovel
' 1t & —e— g, —§—
Photon " f\/\u f‘\/\f
AVAV I ~N AN
) .':':0.“.'. . Photon
E, Yich) R g

Lower loves alom

Wednesday, September 25, 13



* Absorption contfributes to opacity

* Ewission to emissivity

* Stimulated emission to lasing or masing
* Spontaneous ewission is isotropic

* Stimulated emission is not and depends
on specific intensity of radiation field




Stimulated emission

* Results in coherent light of same wavelength being
emitted

* When a photon of the same wavelength as the energy
between two levels passes an excited atowm it induces
stimulated emission of the excited atom

NN

M.)M

Figure 4.13 [lustration of stimulated (or induced) emission of radiation from a bound-bound
atomic transition. First, a photon induces an emission from an excited atom that cascades to a lower
level. Thereafter, the two photons can in turn induce two other excited atoms to emit two additional
photons. If there exists a sufficient number of exited atoms, the number of photons in the beam of
radiation may grow exponentially.

-1
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From Quantum theory

—hvg

kv zvz]-_kT
Pr= mefﬂﬁn( eB)

The terwm in parenthesis is valid only for LTE else it equals

n;9: )

n;g;

In NLTE the second term above may be greater than one due to a population

inversion
This leads to a negative opacity or an exponential increase in emission

Photons produced
by stimulated
000000 o emission have

a definiie phase
popul.tlon inversion relationship,
Eaholm = hv exists, then stimulated producing
emission can produce coherent
photm slgnﬂcant light light.

(1
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* Onearth, we use electric fields to get a population
inversion (batteries)

* |n space, NLTE effects do it for us

* See Masers, just lasers in the microwave

* Water in distant quasars estimated at 1014 times that
in all Earth's oceans




Einstein Coefficients

* Assume LTE and detailed balance
nqu;jI,, — njAjz- -+ nJszI,,
Isolate specific intensity

7 AR |
e pode
« 8 5 A 3
BJZ njBJ% 1
In LTE the level populations and specific intensity are given by
& y —hv 3
@ — g_Je kaO a“d BVO =k 2h;/0 - 1
Using the above in the specific intensity yields
3 4 TN 8-
Aj.,; s 2hV0 a"d ng'?fJ ==

Bj,,; 62 ngji
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Universal Values

* (alculate one, know all three
hvg el
1] 47I' m_ecfij

h —hv
%] 4V wunz(l Fer em&l)

* This is the opacity for a line for an i-j transition
* and T =) Am+) Au

k<j k<i

* for lyman alpha = A2
* for lyman beta = As; + Asz

* From quanfum theory B

* So ety




Validity?

* To start we

are talking
about LTE vs NLTE in hot stars
individval
transitions,
must account —
for |
thousands ey

* Fails to work 7 | R
when in TV =
NLTE, lower WA |
densities e
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.
fotrrs w

1. f(v) dv remains Maxwellian
2, Boltzmann - Saha replaced by dn, / dt = O (statistical equilibrium)

for a given level / the rate of transitions out = rate of transitions in

rate out = rate in_

0 rate equafions
I L 1)’) 7 Z n}PJ? e sfras
- P; ; transition probabilities

771 ]-,i?
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Calculation of occupation numbers

NLTE

1. f{v) dv remains Maxwell:an

2. Boltzmann ~ Saha replaced by dn, / dt = 0 (statistical equilibrium)
for a given level i the rate of transitions out = rate of transitions in "'ZR’-;"’B’

i Y (Ris 4 Cij) + ni Rix 4+ Cia) = Y ny(Rys + Cyi) + ny(Ray + Ci) RATE

EQUATIONS
. L ) w ¥, .)Io
e v —— - = v J
Inos ONZAton Ines recombinaton
Transiton probabiies R,= B, { viylv) Jo do LS0phion
raciative -
Ro= A, + 8,,! Syl 4, dv

(-'|: = n, [ ol :")"l[l'}(ﬁ'

Cj = pufgpet T C [m

collsoral
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NLTE Alomic Models in modem modsl atmosphers codes
lines, colsions, onization, recombination
Essontad 120 000upaton numbens, Ine Dlocang. ke force
AcCurato alome models harve been nchuded
2 eloments
149  onization stages
5000 devels ( + 100.000 )
20,0000l rec. transitions
4 127 b-b Bne transitions
Agor-onization
recently improved models are based on e e

T s "SNa0™ n

LTE vs NLTE: line fits - hydrogen lines in IR

1.00 =
090
080
Q.70

O80FR Ori

Ret. Pus

1675 1 480 1.685 1730 1,755 1.740
Apm)
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Beyond the scope of this
course

* Visit here for more detail

* http:./www.ifa.hawaii.edv/users/kud/
teaching_09/7 Non-LTE.pdf

* hitp:/www.ifa.hawaii.edu/users/kud/
teaching_09/8 Line_formation.pdf

* http://cifist.obspm.fr/NLTE/presentations/2-rtesol.pdf
* http:/arxiv.org/pdt/astro-ph/0208294vl.pdf




Equivalent Width

* Or how to measure the depth of an absorption
line

* Defined as the width of a hypothetical
absorption line of rectanqular shape that
absorbs that absorbs all of the radiation within
:’r with the same energy absorbed as the true

ine

Continuum intensity level




F.—-F
W,\=/( 7 )‘)d)\

:/(1—RA)dA=/AAdA

and A is the line absorption depth
Where

E F
S SSESAT SIS QIR UG LRl

Fe

R

) c

Figure 4.15 [llustration of the residual intensity (R;) and the line (or absorption) depth (A ;).
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Line Formation

* The intensity in the continuum we see originates

from a wmore or less isotropic radiation field at an
optical depth of ~ 2/3

* The line ewmission is from a shallower optical
depth so the emissivity is less

* |1’s all in emission, just some is in less emission

Figure 4.16 Ilustration showing the depth at which the continuum is formed (7, = 2/3) and where

the atomic line under consideration is formed (7, = 2/3 + A7) where At <0. The depth 7. = 2/3 + At
corresponds to the depth 1; = 2/3.
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a'
-
I -
0 4 '
v V. v
T
e -
-
O A '
v v ~

Wednesday, September 25, 13



See the book for details
Essentially We want to define A in terwms of line versus
continuum opacity

2 k; dinB Al
3k. dr, famnty

The continuum opacity is more or less independent of elemental
abundances whereas the line opacity is directly related to
elemental abundances
The equivalent width is therefor a measure of abundances of
certain species

Ay
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Curve of Growth

* Or a way to determine abundances based on
equivalent width

Log Wy/b;

'0'2 To > ‘02 JVA‘f




* Prior to line saturation the equivalent width
grows proportional to the number of absorbers
oris h

* After this the wings grow as ~ log(n)

* When pressure broadening increases the
broadening grows as the sqri(n)

* By exawmining the curve of growth we may
estimate the number of absorbers




Hw

% Skip the last two problems
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