Molecules and electronic, vibrational and rotational structure

Max Born Robert Oppenheimer Gerhard Herzberg
Nobel 1954 Nobel 1971
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Hamiltonian for a molecule

2 2
H= _h_ZViZ _Zh—vi +V(§, F) Born-Oppenheimer: the derivative
2m AL of electronic wave function w.r.t

_ nuclear coordinates is small:

| refers to electrons, A to nuclei;

Potential energy terms: V ayel =0
2 2 2

V(ﬁ, F)z—z ZA8 > ZA%B® . 5" ® | Nuclei can be considered stationary.

Al 472'80rAi A>B47Z'80‘RA—RB‘ i>j47Z'80I'ij Then:

2 2
VaWel Xnuec = Vel VAX
Assume that the wave function of the system is A7el#nuc = el ¥ ALnuc

separable and can be written as: Separation of variables is possible.

‘Pmo|(ﬁ, RA)Z Wl (ﬁ; R)Znuc(ﬁ) Insert results in the Schrodinger
_\ | equation:

Assume that the electronic wave function Vel (Fi; R)
can be calculated for a particular R H mol”el Znuc = Emol%el Xnuc

Then: Vizl//el (ﬁ’ Ii)}(nuc(ﬁ): Znuc(ﬁ)viz‘//el (F,, I:3)

2 2 2
VVA‘/@I Xnuc =Wel YV AZnuc + Z(V AVl XV AX nuc)+ VAWl
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Separation of variables in the molecular Hamiltonian

2
h 2,
HY¥mol = Znuc _—Zvi Z _Z Vel +
2 2
ZAZBe h
Vel —— VA ¢ Xnuc = Etotal Prmol
{A§B47Z’80‘RA—RB‘ ZZMA }

The wave function for the electronic part can be
written separately and "solved”; consider this as
a problem of molecular binding.

LSty 5

> ] Al

Vel (ﬁ! Ii): S (ﬁ’ Ii)

Solve the electronic problem for each R and insert

result E, in wave function.
This yields a wave equation for the nuclear motion:

he Z AZpe”
V4 +
/\ZNAA B4ﬂEdRAf-RB

+ Eq (ﬁ)}lnuc = Etotal Znuc
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Schrodinger equation for the nuclear motion

The previous analysis yields:

h° o Z AZpe°
N —V4i+
A 2MA B47Z'6‘0‘RA—RB‘

This is a Schrodinger equation with a
potential energy:

B, Z aZpe° B,
V(R)= EB 4%0“\R5_ " Ea (R)

nhuclear repulsion chemical binding

Now try to find solutions to the
Hamiltonian for the nuclear motion

_Z—VAZnuc( )+V(R)Znuc( ) EZnuc(ﬁ)
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+ Eq (ﬁ)}lnuc = Etotal Znuc

Typical potential energy curves
in molecules




Quantized motion in a diatomic molecule

Quantummechanical two-particle problem
Transfer to centre-of-mass system

M AM
y=—1aVs
MA+MB

Single-particle Schrodinger equation

2
— z_u As Xnuc (§)+V (Q)Znuc(ﬁ): Enuc (ﬁ)

Consider the similarity and differences
between this equation and that of the
H-atom:

- interpretation of the wave function

- shape of the potential

be
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Laplacian:

Ag = 12 (9(R2 5)
R4 OR OR

1 o6(. .0 1 f°
5 siné 5 5
R<sing 00 00) R<siné o¢

Angular part is the well-know equation
with solutions:

Angular momentum operators

Spherical harmonic wave functions !



Angular momentum in a molecule

Solution: :
And angular wave function

N2|/N,M)=#°N(N+1)|N,M
NM) NM) IN,M)=Ynwm (6.4)

N,[N,M)=4M|N,M)
with Hence the wave function of the molecule:

N=0123..

M=-N—-N+1..N Znuc(R’9’¢):E(R)YNM (9’¢)

Reduction of molecular Schrédinger equation

_Zszﬁ_R R +2,uR2 +V (R) | #nuc (R) = Eyip rot Znuc (R)

be
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Eigenenergies of a "Rigid Rotor”

Rigid rotor, so it is assumed that R = R, = constant

Choose: V(R)=V(R.)=0

All derivates 9 yield zero

oR

Insert in:

2
h 0 0 1 -
{———(RZ )‘F N 2 +V(R)}(nuc(R) = Evib,rothuc(R)

2,RZ R\ R) 2,R?
1 -9 :
{ 2 N }KHUC(R) = Evib,rot Znuc (R) E i\
24K
So quantized motion of rotation: E . = 72 NN+D _ BN (N +1) o
21RE |
With B the rotational constant \ T

— isotope effect —
y Deduce R, from spectroscopy P Yo :
N>
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Vibrational motion

e o (_ o0 1 5
B 2 "D R * 2 N“+V(R) | xnuc(R) = Evib,rot?(nuc(R)
21R< OR R 2R

»
»

Non-rotation: N=0 { 72 (2

Insert : :(R): Q(R) _ZCF?JFV(R)}Q(R) = EyipQ(R)

e

Make a Taylor series expansion around p=R-R,

| 2
V(R
i \ V(R):V(Re)+3—\é p+%—d\£ P2+
o e e R TR,
=== g——" .
\\\-_z“:_:_;;;" V(Re) =0 by choice
—=t——rtf/
L vy o at the bottom of the well
R, dRlg,

% Hence: V(R)=k(R-R.,)* harmonic potential
N>
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Vibrational motion

n d? 1. - L
{—Zd’ﬁJrzkp }Q(P) = EyipnQ(p)

So the wave function of a vibrating molecule
resembles the 1-dimensional harmonic
oscillator, solutions:

Qu(p) = W EXP

E apz}Hv(x/Ep)

with: ¢=2% and @ = ;

Energy eigenvalues:
E,ip = ha)e(v+1j =h 5(V+Ej
2 Y7 2

isotope effect
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Finer details of the rovibrational motion

Centrifugal distortion: E|
cm I " | |pu|||1lpu Il‘llllil! l”rtwnql 'i | ‘ .' :- !:. ||”"|l|'|.| i) I ;.]||“||r|m lmplpn
_ 2 2 s0000- %W NM L slw ﬂml IW' ﬂl 1 || ‘.M||"| |i||‘u1||-|ti'| i
E/ot = BN(N +1)—DN“(N +1) - lm. ml.m L Pl Sl :_. i m_;_,}ﬂ
: ﬁf ) ol
10 /127,-’
Anharmonic vibrational motion so000f- Sl e v
7
SO (R NN (A O I i
vib = e T )T TS ) T | ananel 5\ / Do D.
Dunham expansion: S
k
1
Ew = Vi (v+—j NN 1) -
k,l 2 ')} B S U AT TR SISO
2.5 r(m-acm)

Vibrational energies in the H,-molecule
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Energy levels in a molecule: general structure
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Rovibrational
structure
superimposed on
electronic
structure



Radiative transitions in molecules

The dipole moment in a molecule: ‘Pmol(Fi ﬁA): Ve (Fi' B vib(ﬁ)
=l + N =— €F +> eZ AR , n
H=He AN le ! ZA: ATA Dipole transition between two states
In a molecule, there may be a: —
- permanent or rotational Hif = _[ Yurtde
dipole moment
- vibrational dipole moment Two different types of transitions
2 1 1 n n

i = Ho + ( d *j p+1 d—zﬁ p° Hif =Il//e|l//vib(ﬂe + N Weiwvindz =

dR 2| dR , P N

— ml//elﬂeweldr)//vibwvibdRJr

In atoms only electronic transitions e di "5
: o el ; Flwyi ipdR ———
in molecules transitions within _[‘//ell//el va'bﬂN ¥vib

electronic state

" ——> Electronic transitions
Note for transitions:

. . > B =
Einstein coefficient 36

be

‘/‘u ‘

Rovibrational transitions +—
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The Franck-Condon principle for electronic transitions in molecules

Intensity of electronic fransitions

Ist term:
, N T 2 Cow 2 Y
pis = | qWelﬂeWeldr)VvivaibdR | oc s OCU wuibvibdR] o= [(v]v")
Only contributions if (parity selection rule) ’

Vel # Vel
Franck-Condon approximation:

The electronic dipole moment independent
of internuclear separation:

Me(R) = [wel e dF

Hence

Hif = Me(R)I‘//Vib‘//VibdR Intensity proportional to the square
% of the wave function overlap
N>
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Rotational transitions in molecules

2nd term in the transition dipole

tif =(Yn'me |4 P )

Projection of the dipole moment vector
on the quantization axis.
For rotation take the permanent dipole.

[sin@cosg |

a =yl sin@sing |« tpYin
cos &

sit o g | [Ynm YamYnm 492
N1 N)Y N" 1 N
oC
0O 00/ M m M
—*> Selection rules

AN = +1
V AM =0,+1
N>
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Purely rotational spectra

Level energies:
F, = B,N(N +1)— D,N?(N +1)?

Transition frequencies:
V= FV(NI)_ F/(N") =
B, [N"(N'+1) = N"(N"+1)]

~D, [N 2 (N'+1)% — N"? (N"+1)2]

Ground state with N’ and excited N’
Absorption in rotational ladder: N'=N""+1

Vs = 2By, (N™+1) — 4D, (N"+1)°

spacing between lines ~ 2B



Rotational spectrum in a diatomic molecule

Ground state with N and excited N’
Absorption in rotational ladder: N’=N""+1

Vs = 2By, (N™+1) — 4D, (N"+1)°

e

spacing between lines ~ 2B

In an absorption spectrum: R-lines
In an emission spectrum: P-lines

Homonuclear molecule
N =D ZARp =€Z A(RA—Rp) =0

A
For permanent dipole
No rotational spectrum
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Vibrational transitions in molecules

2nd term in the transition dipole
tit = [WeaweldF [ wyinunyindR
Within a certain electronic state:

Vel =W — [wayeadr =1

Line intensity:

v

Permanent and induced dipole moments;
N
AN = Ho+| o M Rep 2| gr2 “ P

ke

ig = (V| ib
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Permanent dipole does not produce a
vibrational spectrum

pit =(V'|uo|V") = o (V'[v) =0

Wave functions for one electronic state
are orthogonal.

S d -
Hit = (v \(d—Rﬂ)R p

e

v)

V"> oc <V"p

Dipole moment should vary with
Displacement - vibrational spectrum
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Vibrational transitions in molecules

Permanent and induced dipole moments;

v)={v

e = (V'

First order: the vibrating dipole
moment

V) oc (V!

v

Yo,

pif = (V'

Homonuclear molecule

N =D ZARp =€Z A(RA—Rp) =0
A

For all derivatives
No vibrational dipole spectrum
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In the harmonic oscillator approximation;

(n[p[k) = [Qn(p)Qx (P)dp =

h n+1
{\/75kn 1+ \/—5k n+1}
\ uo| \ 2

Selection rules: Av=Vv-v=%1

Higher order transitions (overtones) from:

- anharmonicity in potential
- induced dipole moments



Rovibrational spectra in a diatomic molecule

Level energies: Transitions

T=G(V)+F,(N)
R-branch (N’=N"+1) - neglect D

with:
Fy = ByN(N +1)— D,N*(N +1)° oR =00 +2By + (3B, — By N + (B, — By N?
G(V) =0, (v+ij—a) X (V+1j2
U2) P2 For B, =By
Transitions from oR =00 +2B,(N +1)

v” (ground) fo v’ (excited)
P-branch (N°’=N"-1) - neglect D

op =00 —(By + By )N +(By — Byt )N
oo =G(v')-G(v") For By, =B

or =0 +2B,(N +1)

o(V'v")= o+ Fy(N') = Fy(N")

with

the band origin; the rotationless

; transition (not always visible)
N>
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Rovibrational spectra

oR =0p +2B, +(3B, — B, )N +(B,: — BN 2 More precisely spacing between lines:

op =g —(By + By N +(By — By )N or(N+1)—og(N)~3B, —B, < 2By
op(N+1)—op(N)~ B, +By > 2B,

N’ If, as usual: B, < By

o N W

v A " A
A Rotational constant in excited state
is smaller.

——

R
R-branch R P3  P-branch
1

Spacing in P branch is larger
Band head formation in R-branch

aH—-1—— - — — = |
oN W
=z

0 Spacing between R(0) and P(1) is 4B
“band gap”

ke
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Example: rovibrational spectrum of HCI; fundamental vibration

Transitions v=0, | o v=1, -1

35‘:' j=1—=0

E?CI\ “

1

——
S

Center fraguency

" for v=0—=v

A JUVUUVULJUYUUUL
.00 B.20 8.40 8.60 8.80 9.00 9.20 x1019
Frequency (Hz)
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Example: rovibrational spectrum of HBr; fundamental vibration

vibration-rotation spectrum of HBr

0.300 0.310 0.320 0.330 0.340
Energy (eV)
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Rovibronic spectra

— Vibrations - governed by the
Franck-Condon principle

_ v=2
— Rotations > governed by angular momentum
— _ selection rules
v=1
] Transition frequencies
T,— v=0 v=T"-T"
T'=Tg+G'(V)+F,"(N")
T"=Tp+G"(vV")+F,"(N")
— R and P branches can be defined
in the same way
= oR =00 +2By + (3B, ~ By )N +(By — By N
2
v, S . op=oo-(Be+BAN (B BN
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Band head structures and Fortrat diagram

o =00 +2By + (3B, ~ By )N +(By — By N

op =00 ~(By + By )N +(By ~ By )N

Define:
m=N +1
m=-—N

for the R-branch
for the P-branch

then for both branches:
o =00 +(By +ByJm+(By ~Byr)m”
if: B, <By
o =0p+om —,Bm2

A parabola represents both
branches

v (em*1)

-

H'!'k!'ol ! ltxt)u'zls,s';]ool Iz'(i; | 40 v (cm™)

T

25740 60 80 25700 )

¥Fig. 24. Fortrat Parabola of the CN Band 3883 A (see Fig. 18). Th.c schematic spectrum
below is drawn to the same scale as the Fortrat parabola above. The relation het-.w'oen‘curve and
spectrum is indicated by broken lines for two poiuts (m = —11 andm = +18). No line is observed

at m = 0 {dotted line).

- no line for m=0 ; band gap
- there is always a band head, in one branch
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Population distributions; vibrations

Probability of finding a molecule i
in a vibrational quantum state: ai P(v)/P(0)
e~ EW)/KT
P(v) =
V) Z —E(v)/KT
e
\"
—w, (V+1/2) N e S T e T R T
I
Z TABLE 14. RATIO OF THE NUMBER OF MOLECULES IN THE FIRST
TO THAT IN THE ZEROTH VIBRATIONAL LEVEL For 300° K. anp 1000° K.
¢—A01ho [kT e

Gas AGis (em™) -
I For 300° K. For 1000° K.
: H, 41602 216 X 10~° | 251 X 10°3
1 | | HCL 2885.9 9.77 X 1077 1.57 X 1072
Boltzmann distribution 2 e S e
Cco 2143.2 3.43 X 1078 4,58 X 1072
05 1556.4 5.74 X 107 1.07 X 107*
8o 721.6 3.14 X 1072 3.54 X 107
Clp 556.9 '6.92 X 1072 4,49 X 1071
Iy 213.2 3.60 X 107! 7.36 X 107

Note: not always thermodynamic equilibrium
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Population distributions; rotational states in a diatomic molecule

Probability of finding a molecule
in a rotational quantum state:

(23 +1)e Erot /KT

P(J) =
) 3 (23'+1)e ot /KT
J' s HCI
_ (23 +1)e—BJ(J+1)+DJ2(J+1)2 3oL

rot
2.0

Find optimum via
dP(J) _ 0
dJ

1.0

B o vt il e g ) s o s o s e e S . v

|
1
]
1
¥
t
i
1
i
]
1
i
i
i
t
[
I
i
|
)
f
}
1
I
)

4
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K, sensitivity coefficients to u-variation for Lyman-a transition

Definition of sensitivity coefficient: —=K,—

Calculation for Lyman-o transition

€ e e

— M _m M_/m
V:ﬁzngC @ WITh lured — 1 p'le _ p e _ M
h 4 m m (M +m, | 1+M_ /m, 1+u

So (note energy scale drops out ).

H+Auu
Av _AE,-E) 1+p+Au 1+p _ Aulu ¢ M
% E,-E, pl(1+ 1) I+ u+Au "
1 4
—> K =——~54x10
O 1+ u+Au

be
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Isotope effects in molecules + sensitivity for u-variation

Electronic

Born-Oppenheimer: the derivative of electronic wave function
w.r.t nuclear coordinates is small:

VaWe =0

Electronic wave functions and energies do not depend on nuclear masses
(compare the case of the atom)

Mass dependences

In the above mass dependences expressed as "reduced mass”;

Note that we assume:
,U oc :ured

Proportionality with "baryonic mass” (neutrons and protons)
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Isotope effects in molecules + sensitivity for u-variation

Vibrational energy: E, = h\/E(v+%j
U

K-coefficient for purely vibrational transition (overtone included):

[(n+1/2)- (m+1/2)]——[(n+1/2) (m+1/2)]

1
Av A(En—Em)_ VUt AU

AE,E) I N
v B -E, /]/ [(n+1/2)-(m+1/2)] i+ Au
Ju
v 1AM gy B
2 p tou
So: K, = —% For ALL vibrational transitions

)
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Isotope effects in molecules + sensitivity for u-variation

N(N +1) h
Rotational energy: Ew =" B 2R? [N, (N, +D) =N, (N, +1)]=

K-coefficient for purely rotational transition :

So: Ku =1l
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Isotope effects in molecules + sensitivity for p-variation

A

i — E_ro.taf.i.anal

/[ Evibr'aﬁonal

EelecTr‘onic

I

A -
All/\ “rotational

Ewbra‘ruonal

For H,

0.06
l .. .°n
0.04 — & Lyman bands
12+ 12+
J o\‘ B X
0 - ® \
d ) \\‘
e | 0 %
Werner band - \.
1 ¢, - Xis, S
'002 | I I 1T 1T 1 | I 1T 1 1 I 1 1 1 I |
94 nm 110 nm
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K: different for H, lines

red shifter anchor| blue shifter

W5Q2 W2Q1 L10P1 L8RO WOP3L6R3 L3R2 L1RO LOP3

0.1

AW/

0.3

0.4

0.5

900 950 1000 1050 1100
rest wavelength (A)

Lectur




Electronic spectra of H,

Composition of the universe:
80 % hydrogen H/H,
20 % helium
<0.1% other elements

- H (Lyman-a) ~ 121 nm

——— H,, Lyman en Werner BANDS
~90 - 110 nm

% o LI IR Extreme Ultraviolet Wavelengths
N>
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Empirical search for a change in n

Spectroscopy
Compare H, spectra in different epochs:

90-112 nm ~275-350 nm

~_

_ Atmospheric transmission
—=1+12; Cosmological reshift only for z>2

|
ﬁ) Lecture Notes Fundamental Constants 2015: Molecular Physics; W. Ubachs






Q2348-011
z=2.42

Magnitude
18.4

ESO-VLT
2007

<>

1 arcsecond




ESO PR Photo 43¢/99 (8 December 1999)

UVES at Kueyen

© European Southern Observatory

UVES:
Ultraviolet -
Visual

Echelle
Spectrograph



Empirical search for a change in p: quasars

‘Metal” absorption lines

\/ 'L \ l \

Ty N V7 — / \_ ~

4500 5000 5500 6000
Wavelength (Angstroms)

3500 4000



J2123 from HIRES-Keck at Hawaii
(normalized)
Resolution 110000 ; z,,.=2.0593

1.2 T | T | | I ‘ I —

M

l

|
3600
Angstrom




normalized flux

J2123, 2 =2.0593426, H2 lines

T Ii T T | T T T T

TS S N I SR TR N

50

50
velocity (km/s)

50




week ending

PRL 106, 180802 (2011) PHYSICAL REVIEW LETTERS 6 MAY 2011

First Constraint on Cosmological Variation of the Proton-to-Electron Mass Ratio
from Two Independent Telescopes

F. van V\"eerdenburg,l’2 M.T. Murphy,3 A.L. Malec,3 T, Kaper,l’2 and W. Ubachs’
Unstitute for Lasers, Life and Biophotonics, VU University Amsterdam, de Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
2Astronomical Institute Anton Pannekoek, Universiteit van Amsterdam, 1098 ST Amsterdam, The Netherlands

3Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Melbourne, Victoria 3122, Australia
(Received 3 March 2011; published 6 May 2011)

W
2 | et ot Y e
_51_| N I | Ll
= |
EO T8 : FGWORS b |
2 WO0Q3. L7RO0O L7RI1. WORS. L7P1 L7R2 W04
3098 310’ | 3102 ' 314
Wi
Keck:

Ap/p= (5.6 £55,, + 2.9sys,r) X 106
VLT:
Ap/p = (8.5 £ 3.6, * 2.25ysf) x 106
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How much H2 at high redshift?

Qua Zess  Zem RA Decl. N(Hy) N(HD)N(HI) Ry, Ref.

Q0347383 \3.02 3.21 03:49:43.64 —38:10:30.6 14.5 20.6 17.48 [7,19] Done

Q0405—443 $.59 3.00 04:07:18.08 —44:10:13.9 18.2 209 17.34 [7,19] Done

Q0528250 2.81 281 05:30:07.95 —25:03:29.7 182 ¢ 21.1 1737 [19] Done

2123-005 /2.06 2.26 21:23:2946 —00:50:52.9 17.6 13.8 192 1583 [15] Done

Q0013—004 1.97 2.09 00:16:02.40 —00:12:25.0 18.9 20.8 17.89 [40]

HE0027—184 2.42 255 00:30:23.62 —18:19:56.0 17.3 217 1737 [33]  ———> Analysis
1.96 232 05:52:46.18 —36:37:27.5 17.4 205 17.79 [41]

T Q0642—506 2.66 3.09 06:43:26.99 —50:41:12.7 184 21.0 18.06 [32] = Analysis
263 2.70 08:12:40.6 +32:08:08 199 154 21.4 17.88 [35,36] = ?

Q08411129 237 248 08:44:24.24 +12:45:46.5 14.5 20.6 17.64 [42]

Q12321082 234 257 12:34:37.58 +07:58:43.6 197 155 209 1840 [43,44]

J12374064 2.69 278 12:37:14.60 +06:47:59.5 192 145 200 1821 [37] = ? (+CO)

Q1331+170¢ 1.78 1.78 13:33:35.81 +1649:03.7 197 14.8 21.2 1626 [36,45]

Q13374315 3.17 3.17 13:37:24.69 431:52:54.6 14.1 21.4 18.08 [30]

Q14294113 242 258 14:39:12.04 +11:17:405 194 149 201 18.07 [46]

Q14414272 422 442 14:43:31.18 127:24:36.4 183 21.0 1881 [38] = VLT 2013

Q44471014 2.08 221 14:46:53.04 +01:13:56.0 18.3 20.1 18.10 [47]

Q2318-111 1.99 256 23:21:28.69 —10:51:22.5 15.5 207 17.67 [33]
243 252 23:46:2542 +12:47:43.9 13.7 204 20.18 [22, 48]

Q23480117 D42 3.02 23:50:57.87 —00:52:09.9 18.4 20.5 1831 [23, 24— Done 2012




The European Extremely Large Telescope
(Artist’s Impression)

ESO PR Photo 46/06 (11 December 2006)



Outlook: More sensitive molecules

Quantum tunneling

100 ¢
. -
T YNH;
2 15NH;
3 10
) |-«
(O]
o
L;g- 14ND3
15
e 4 L ND3
inversion o
splitting \ /| ____Y ) . 2 14NT;
R R antisymmetric [}
l 2023 cm’ Y e
S e i s e SeSpacimtieteant Pebsholiatrtinietive e Symmetric Lo
T 0.1 L 1 " 1 1 1 1 1
: 2 3 4 5 6
68 90° 112
e Reduced mass

umbrella angle

K=-4.2
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Outlook: More sensitive molecules

Quantum tunneling

week ending

PRL 106, 100801 (2011) PHYSICAL REVIEW LETTERS 11 MARCH 2011

Methanol as a Sensitive Probe for Spatial and Temporal Variations of
the Proton-to-Electron Mass Ratio

Paul J ansen,1 Li-Hong Xu,2 Isabelle Kleiner,3 Wim Ubachs,1 and Hendrick L. Bethlem'

Calculations Extreme shifters
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Extreme shifters; towards radio astronomy
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Effelsberg Radio Telescope



Effelsberg Radio Telescope
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W Combined T
Ww 23-02-2012
25-02-2012 |

28-02-2012 7]

= Cosony L o m T
o 0 Combined A
s | MY ]
08-12-2011
=
2 09-12-2011 |
o) 10-12-2011
(@] r J
IS WWWWW 06-04-2012
T L i
c 07-04-2012
- r0~1,E, 0~1,A* 1
| L 1
s .

F-32 GHz

Combined 4

05-03-2012 |

06-03-2012 A

' .

. B

1 1 t T + +—

-120 —-60 0 60 120 6

8 10

Relative Velooin‘ [km s1]

V/c [x107]

w
N

w
o

N
®

2.6}

211

PKS

at z=0.88582
(7 Gyrs look-back)

2.4 : : : : 1
35 -30 -25 -20 -15 -10 -5 0

Ky




