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Precision Spectroscopy of Molecular Hydrogen
and Physics Beyond the Standard Model

Wim Ubachs
LaserLaB, Vrije Universiteit Amsterdam

Topics:
1) Level structure and spectroscopy of the hydrogen molecule

2) Probe for a varying proton-electron mass ratio from H,
3) New forces and dimensions from precision studies of H,
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Lectures ICTP Winter School on Optics 2016

Wim Ubachs
LaserLaB, Vrije Universiteit Amsterdam

Reading Material:

Physics beyond the Standard Model from hydrogen spectroscopy
W. Ubachs et al., J. Mol. Spectr. 320 (2016) 1-12
Search for a drifting proton-electron mass ratio from H,
W. Ubachs et al., Rev. Mod. Phys. April (2016); ArXiv:1511.04476
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The Hydrogen Atom

Reduced mass: transformation from two - one particle problem

mM M
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4re, | 2h

Niels Bohr
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The Proton-Electron Mass Ratio

From experiments:

M
Fundamental Dimensionless p=—==-=1836.15267245(75)

Constant of Nature m,

The Ratio of Proton and Electron Masses

FRIEDRICH LENZ
Diisseldorf, Germany
(Received April 5, 1951)

HE most exact value at present! for the ratio of proton to
electron mass is 1836.12:£0.05. It may be of interest to note
that this number coincides with 6x%=1836.12.

1 Sommer, Thomas, and Hipple, Phys. Rev. 80, 487 {1950),

Physical Review 82 (1951) 554
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K, sensitivity coefficients to s-variation for Lyman-a transition

Definition of sensitivity coefficient: — =K —

Calculation for Lyman-a transition

V:MZEROOC M W|th /’lred — 1 Mpme — Mp/me _ lLl
h 4 m m, m,\M,+m, | 1+M /m, 1+u

e e

So (note energy scale drops out !):

H+Au  u
Av MNE,~E) l+u+Au l+u  Aulp ke M
% E,—E, w/(1+ ) l+u+Au % w
1 4 . »
—— K,=——~54x10 Atoms are insensitive !
1+ u+Au
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Hamiltonian for a molecule

2 2
H= —h—ZV,-z —Zh—vﬁ + V(f?,?) Born-Oppenheimer: the derivative
2m 1 M 4 of electronic wave function w.r.t

, _ nuclear coordinates is small:
I refers to electrons, 4 to nuclei;

Potential energy terms: Ve =0

2 2 2

V(R,F): > 248" > Z428¢ 5" € | Nuclei can be considered stationary.
L dregrai  4op 47[50‘RA - RB‘ i>7 4rer;; Then:

2 2
VaWelXnue =VelVax
Assume that the wave function of the system is A7 elAnuc © nuc

separable and can be written as: Separation of variables is possible.
‘Pmo1(77i,1_é/1)= l//e1(7,~;1_é)}(nuc (R) Insert results in the Schrodinger
__\ | equation:
Assume that the electronic wave function Vel (”i;R)
can be calculated for a particular R HopolWel Xnue = EmolV el Xnuc

Then: V%Wel(’%;ﬁ)}(nuc(é): Anuc (E)V%Wel(’%;é)
szél‘)”ellnuc = ‘//elvzzallnuc + 2(VAWel )(VAZnuc)+ V124‘//61
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Separation of variables in the molecular Hamiltonian

2
h 2,
HY, . = - >V — +
mol = Znuc 2m Z ! Z 47[50 Z 47z50r Ai Vel
i i>
ZAZBQ
—V E, ¥
Wel{AgB 472'80‘ R, - RB‘ Z M, A}Znuc total T mol

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

0 2, _
2mzvl Z47z8r Z

] i>] 0%

47[50”/11 Vel (ﬁ»ﬁ): Eqyel (’_’;’I_é)

Solve the electronic problem for each R and insert result £, in wave function.
This yields a wave equation for the nuclear motion:

{_ nr A

VA-I-
4 ZMA B47Z'80‘RA—RB‘

+E, (R)}Znuc = Etotal Ynuc
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Schrodinger equation for the nuclear motion

The previous analysis yields:

2 2
h o) Z yZpge -
-y — V5 + +FE (R =F
{ Z oM, A Ang 47&90‘ R, - RB‘ el ( )}Znuc total L nuc

This is a Schrodinger equation with a
potential energy:

. (f?)— 7,75 : . (]}) ?;‘yﬁqlglaelcfj?;‘:nhal energy curves
- Z T L

B 472'80‘RA —RB‘

nuclear repulsion b4

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

_Z—VAZnuc( )"‘V(R)Znuc( ) EZnuc(R)
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e

Quantized motion

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

_ M Mg
H MA+MB

Single-particle Schrodinger equation
2

7 . - - -

- ZAﬁlnuc (R)"' V(R) Xnuc (R): EYnuc (R)

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

- interpretation of the wave function
- shape of the potential

Vrije Universiteit Amsterdam; W. Ubachs

iIn a diatomic molecule

Laplacian:
1
S
R* OR OR
1 o(. @ 1 o2
7 sin @ +—— 5
R“sin@ 00 00) R*sin6 o¢

Angular part is the well-know equation
with solutions:

Angular momentum operators

Spherical harmonic wave functions !
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Angular momentum in a molecule

Solution: _
And angular wave function

N[N, M) =R N(N+1) N, M) [N, M) =Yy (60,9)

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

N=0,23..

M — —N,—N+1,...,N ZHUC(R’€9¢): E(R)YNM (99 ¢)

Reduction of molecular Schrodinger equation

2

h 0 0 1 -

B 2 (Rz j_l_ 7 N+ V(R) | Xnuc(R) = Evib,rotlnuc (R)
2uR* OR OR) 2uR
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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 o 1 -
N D) (Rz )"' ) N*+ V(R) | Xnuc(R) = Evib,rotlnuc (R)

UR
1 =2
|: ) N :|Znuc (R) = Evib,rotlnuc (R) = ’:f
24R;

So quantized motion of rotation: E. = 712 NNV+D — BN(N +1) % I
2uR; el

With B the rotational constant \ : §
isotope effect .TT a

—  Deduce R, from spectroscopy ;
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Vibrational motion

h? 0 o -
B 2 _(Rz j+ 2 N+ V(R) | Xnuc(R) = Evib,rot%nuc (R)
2uR" OR 2UR

Non-rotation: N=0 B2 g2 ® lom O(R)
» | ————=+V(R) |O(R) = E,, O(R
Insert : E(R): O(R) 21 JR2 vib
R
Make a Taylor series expansion around r=R-R,
ZIR av| 1d|
m VIR)=V(R,)+—— pPr=—= P +..
ERIEHEE e R SR dR R, 2 drR R
iy et e e
i S gt
‘117_*_”_.-_:'_';,?’ V(R,)=0 by choice
e i £ d
=i/
w e ary  _ o  atthe bottom of the well
2 dR g

Hence: V(R)=k(R-R, )2 harmonic potential
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Vibrational motion - 2

n d? 1
{—aa‘F 7 kp }Q(P) = Eyin0(p)

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

WGXPB } H,Wap)

k
with: a=*%  and @,= \P
5 u

Energy eigenvalues:
E. = ha)e(v+lj =h E(V-i—lj
2 Y7, 2

isotope effect

Qv(p) =

Vrije Universiteit Amsterdam; W. Ubachs

Lecture Notes ICTP Winter College Trieste 2016



Finer details of the rovibrational motion

Centrifugal distortion: ol |
i{llw "Wﬂll"|l; \IF"\||"H||FE"|||':“ |l‘" ||| q|\'"'||ﬁ?!|li|| |ﬂ|i"1\||“||' |||“'||||”:i|llil'-|'.||“|.!|' W i |h|i| Ihu'ili"hl I _}]I!.|=1||Ta||'||u|!i ]
| ‘1 'I Jla |__ .: 'll i H ,-:I
Erot — BN(N + 1) - DN2 (N + 1)2 s i nI Ii” ||I|I'i|l|ll1|||l|ﬂ| || hE |||| il |“li||| ]Iiill‘|lﬁ|| I|||H|‘|||ll|||I || _|_“_. L1 |ﬂ¢_ﬁﬂ| I __‘I":_,;
12| I ..‘-""'--
11t .ﬁ_l__, o
o . AL P i
Anharmonic vibrational motion R R 7

2 L
Eyip = 1 +l +
vib = @p v+§ —WpXgp| V > Sl

Dunham expansion:

k
E,y = ZY,{{H%) NN +1)!

k,l 0

10,000

25 1’(10 fem)

Vibrational energies in the H,-molecule
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Energy levels in a molecule: general structure

v=2

v=I

v=0

v=2

v=1

v=0
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Rovibrational
structure
superimposed on
electronic
structure
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Electronic structure of the Hydrogen molecule

Diabatic Potentials

H{1s) + H(4}

H{1s) + H(3#

H™+ H*

H{1s) + H{2}

diabatic curves:

singly excited molecular Rydberg states
doubly excited molecular Rydberg states
atomic states
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Singlet-Triplet structure in the Hydrogen molecule

singlets triplets
18 18 - ; pe| T T T T T T
4dm i) .
2l B 16 L 4d'a (s) _
14 14 H g\* =
12 _ 12k -
% — 2s'z’ (EF) E 2pLL (c)
— L | 2p'Z (B) =y b
=) o "
g 10 . g 10 - 'Zp‘).'u-[b} -
@
% -3 o ® =~
5§ °T 7 I3
5 g
4 - - -
3 - -
2 - - -
1k - -
0F - -
1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 1 2 3 4 5 6 7 8§ 9 10 0 1 2 3 4 5 6 7 8 9 10
Internuclear distance [A] Internuclear distance [A]
V Very small / -§ coupling
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Electronic structure of the Hydrogen molecule; adiabatic

“‘gerade” “‘ungerade” Inversion symmetry
130
'€ 120-
&)
(f)
D —
AN
2110
o
)
c _
Ll
100
| X1z
90 — is way below
T I I T I T I T T | T I T I T I T I|ke H/He
0 4 8 12 16 0 4 8 12 16 20
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Radiative transitions in molecules

The dipole moment in a molecule:

H= po+ iy == e+ eZ 4Ry
i A

In a molecule, there may be a:

- permanent or rotational

dipole moment

- vibrational dipole moment

(45, o3[ e
HN = Ho + IR P 7 dRzﬂp

In atoms only electronic transitions,

in molecules transitions within
electronic state

Note for transitions: e
Einstein coefficient

Vrije Universiteit Amsterdam; W. Ubachs

— Electronic transitions

) '//el( R>/’V1b()

\Pmol (

Dipole transition between two states

Hif = J-‘P',u‘l’"dr

Two different types of transitions

Hif = IWéW'vib (1t + 1y W e vivd =

— f ([‘//ellue‘// eldr )//vibl//vibdjé +

[veweadr [wyinknwyindR

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

1st term: Intensity of electronic transitions

' " _ ' " — m 2
Hif = _[ (_[Wewe'// eldr )VvivaibdR I V)

? oc> Kv'

Hif

2 Ce
o U VyibV vibdR

Only contributions if (parity selection rule) o
Vel # Vel

Franck-Condon approximation:
The electronic dipole moment independent
of internuclear separation:

Me (R)= jWelﬂeWeldF

Hence

Hip =M, (R).[ WyibV vibdR Intensity proportional to the square
of the wave function overlap

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Rovibronic spectra

Vibrations - governed by the
Franck-Condon principle

_ v=2
p I Rotations - governed by angular momentum
B - selection rules
v=1
&] Transition frequencies
TB —_A- v=0 v=T'-T"
I'=Tg+G'(V)+F,'(N")
TH: TA + GH(VH) + FVVV(NH)
— R and P branches can be defined
in the same way
S y=2 op =00y +2B,+(3B, — BN + (B, — B )N?
i 2
Y4 ; Op=0(0— (Bv' + Bv")N + (Bv' - Bv")N
y=
J
T, v=0
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Population distributions; vibrations

aye . . 1.0
Probability of finding a molecule \
in a vibrational quantum state: 0.8
g P(v)/P(0)
e—E W)/ kT i
P V)= =
(v) Ze_E(v)/kT b B
1% ozl ~l
o % -
—w,(v+1/2) 5 i TLE . H :
G S e kst T g
=—e kT 0
Z TABLE !.4.. RATIO OF THE NUMBER OF MOLECULES IN THE FIRST
TO THAT IN THE ZEROTH VIBRATIONAL LEVEL For 300° K. awp 1000° K.
: o —AGygha (kT e
. . . Ga AG "1)
— Boltzmann distribution . - For 300°K. | For 1000°K.
' H, 41602 216 X 10° | 251X 10-°
HCL 2885.9 9.77 X 1077 1.57 X 1072
N2 2330.7 1.40 X 10~ 3.50 X 1072
co 2143.2 3.43 X 1075 458 X 1072
o 1556.4 5.74 % 10~ 1.07 X 10*1
) _ ” 1 8 721.6 3.14 X 1072 3.54 X 10~
H,: only v=0 populated at “any” T Cly 556.9 692 X 1072 | 449 X 10!
1 213.2 3.60 X 107t 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:

(27 +1)e Erot /KT
P(J) = “E,, /kT
D (2J+1)e et
J'

1 (27 +1) e—BJ(J+1)+DJ2(J+1)2

rot
10% \\ T, =6711K
Find optimum via 10"}
dP(J) ~0 10"}
dJ - 1{1“- ‘

Boltzmann-plot ;5| i
H, in o . ]
Q1232+082 0%l .
Quasar e B

(lvanchik MNRAS 2010) E K]
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Para and Ortho Hydrogen; nuclear spin

i: 1+2 M]:m[1+m12; ]:0,] MS:_];O:]

L1 ) A triplet of symmetric
) > nuclear spin wave functions
(symmetry related to interchange)

L1 ) A singlet of an anti-symmetric
’ > Nuclear spin wave function

[=0,M, =0>=%Q¢,¢>—

Total wave function must be anti-symmetric for interchange of protons (Pauli principle):

Ortho-hydrogen: triply degenerate v v, =~ — Odd N-levels: N=1,3,5 ...

Para-hydrogen: singly degenerate v} y. > Even N-levels: N=0,2 ..
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Isotope effects in molecules; sensitivity for g-variation

Electronic

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

V q¥e1 =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:

ﬂ oC /ured

Proportionality with “baryonic mass” (neutrons and protons)
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Isotope effects in molecules; sensitivity for g-variation

1
Vibrational energy: E, = \/E(v 1 _j
Y7, 2

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

[(n+1/2)=(m+1/2)]- [n+1/2 ~(m+1/2)]

1

Ju
= = = -1
v E-E, %/—[(n+1/2)—(m+1/2)] Ju+Au
U
C- LB g A
2 u Y
So: K, = _% For ALL vibrational transitions / vibrational energies
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|sotope effects in molecules; sensitivity for g-variation

_th(N“) __n [N, (N, +1)— N, +1)]=&

Rotational energy: E_ V=
2uR; 2uR; H

K-coefficient for purely rotational transition (or rotational energy):

% _HAV ,udv ,uﬂ(—Cy_z)z—l

u

v p v Au v du C

So: Kﬂ =-1
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) Electronic spectra of H,
H2 -0_6—_ 2p
A I H (Lyman-o) ~ 121 nm
o1 [[2po -
i — H,, Lyman en Werner BANDS
= ~90 - 110 nm
e — Extreme Ultraviolet Wavelengths

THE

AND ASTRONOMICAL PHYSICS

VOLUME XXIII APRIL 1906

EXTREMELY SHORT WAVE-LENGTH
By THEODORE LYMAN

ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOPY

NUMBER 3

THE SPECTRUM OF HYDROGEN IN THE REGION OF La

Scan ©@American Institute of Physics

gj,‘ Vrije Universiteit Amsterdam; W. Ubachs
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Lyman and Werner band systems

(1s)?- (1s)(2p) i / ._f" / ‘:._ =
Threefold
2p orbital /
p orbitals g s |2pn
o &

X'Zy" - (2po) B'E,* %Qs; N B
Xy’ - 2om) C', s
Doubly degenerate rrr

'gi- Vrije Universiteit Amsterdam; W. Ubachs
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Franck-Condon Factors in H, absorption

15

10 - ]

Vrije Universiteit Amsterdam; W. Ubachs

15

-0.5
06 C
-0.7
el A B
= 0.8
B
£
5
5 -09—
=
s
L1 / X
T
0 4 6 8 10
R (inay)
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Lyman and Werner band systems

>+ component IT" component IT- component
Y 2 (+) A~ 2 (+) a7 2(-)
BZ* & ~ 1() C'I1, A ~ 1() A 1(+)
™ 0(+)
R p2) R p2) A1 o)
RO | pyry RO)
2 (+) 2 (+) 2 (+)
X1zy* 1() X1z 1 (-) 1(-)
0 (+) 0 (+) 0 (+)
N

Parity ‘N,M> = Ynus ((9, ¢)

A-doubling lifts degeneracy IT+ — I1T- components
R. P. Q lines Rotation-electronic coupling (beyond BO)
S Different parity
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“Isotope effects” in molecules; sensitivity for g~variation

AN 0 E g Add contributions to sensitivity:
Evibrational - Electronic
| PR - Vibrational
- Rotational
Etotal
In first order:
E E 1 E. E
Kﬂ = Kelec @-I_Kw‘b ib-l_Krot — = ——— l_rot
tot Elot Elot 2 Etot Etot
Eelectronic
I "_ Erciatgnal
_____ T _Eiyaim
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Dunham approach to sensitivity coefficients

dE
dEe GEg

du du

K=—_H
I E _E
e g

Dunham representation:

E(v,J)= kzl Yy (v+%Y([J(J+1)—A2]Z

With known mass dependence:

Yy = Akl[l + %B jﬂ(nm)
U

dYklz_Ykl(l+k+B

du  u\ 2 /u]

Results in:

dEC-T) s il 1 (7 41)- A2
du k] dp

'gi- Vrije Universiteit Amsterdam; W. Ubachs

Dunham coefficients C'TT*,

Constant Value Constant Value
Yoo 07916.14 Yo 2444.3
Yaq -69.6 Yao 0.67
Yao 3.0 x107? Yo 31.974
Y -1.804 Yo 0.274
Ya1 -9.0 x1072 Yar 9.0 x107°
Yoz 28 %1074 Yos 1.0 x10~1

Dunham coefficients X12+g

Constant Value Constant. Value
Yo{] -2169.69 Ym 439937
Yo -124.2 Yao 0.624
You 60.82 Yu -2.064
Y21 0.0223 Yoz -0.046 ]
Yiz 1.4 x1072 Yoa 40 x107°
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Local perturbations; beyond Born-Oppenheimer

h2
2 1R?

H =JL Matrix elements: <BlZ$,VB,J,p‘— J+L_‘C1HM,VC,J'9P'>

E(J))  HoJ(+D) e
HCB J(J+1) EB(J) 111000 ——————1———————1—
8 L] . . o -« B(18)
109000 4o © = ° " \ .
0:.-_ & El
0.6 — CIHU '_-;\ [E; : ° 2 2 a1 C(3)
| g 107000 I o . ~
07 \//— C(1)®B(10) g g » % ) o - B(14)
B C(2) ® B(12) & Ik . ;
2 Blx * g 105000, , o o ° . -
Eow ! C(3)®B(14) = | agin |
& C(4) ® B(17) e s v 5 3 B
o 103000 . = - . : oa— B(10)
] oo o s ; |
1.1 Xlzg+ °y
| 101000 +—————++ 71+
RN T ¢ 0 20 40 80 B0
R(ina‘}‘n J(J+1)
% Vrije Universiteit Amsterdam; W. Ubachs
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Lyman and Werner Bands; sensitivity for g-variation

120 AR AR 0.060

.....
-
"
o
#

115

0.040

—_ 0.020
lE x“-
(]

3]

o

-—

S

W 0.000

-0.020

3
Jll
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B(14-0) g _1 P %
Laser spectrum R 2
C(3-0) g 1“0 zl 1 _Jis I

Hydrogen does not have A‘ J | | 1
a “molecular band spectrum” : o : ' 4 L : 1
94.60 94.70 94,80 —= A [om]
P 2
B(19-0) g 1 ] 3 1 3
a | | |
p_2
1 2 | 3
O O I C(4-0 L 9 31 il
‘.IM o N | | |
ot D2
P. Hinnen, W. Ubachs et al. {l | [ ‘ k | | || )
Can. J. Phys 72, 1032 (1994) T T T
94.60 94.70 94.80 — A [nm]

';g- Vrije Universiteit Amsterdam; W. Ubachs

o Lecture Notes ICTP Winter College Trieste 2016



Precision measurements with tunable XUV laser

4

&
SW Millenia

cw pump laser
. K Etalon H

Ring Dye Laser Fiber

@S570-660 nm @

2nd harmonic
Nd: YAG laser

H, jet Xe jet (3w) |

A

Interaction zone

'; !*: Vrije Universiteit Amsterdam; W. Ubachs

FI o ———

\ LIA

PL}

PL}

4

Diye cuvettes

/\«m\

Pulsed
/ Dye

. Amplifier
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1 XUV + 1 UV REMPI spectroscopy

Evaluation of uncertainties:

H," Error budget
. Residual Doppler 40 MHz
T - AC Stark 30 MHz
R(0) B-X Freq chirp (PDA) 100 MHz
P(3) C-X (9,0) line it |, calibration 10 MHz
(1,0) line ’ Statistical 30 MHz
T Total (best lines): 0.005 cm-"
. I 0.000005 nm
2 5x 108
ORI | 1 PR PRUTON I 11 R
I
| | | | |
100869.5 100870 100870.5 100871 cm’!
% Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016
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TABLE I: Comprehensive list of measured transition wavelengths of the Lyman (L) and Werner (W) lines using the ultr:
narrowband XUV laser source in Amsterdam. Values in nm.

Line A0 Line Ao Line Ao Line Ao

L0 P(1) 111.006251 (6) L8 P(3) 100.838615 (6)  L13 R(3) 95.804665 (6) W1 P(3) 99.138046 (8)

L0 R(0) 110.812733 (7) L8 R(0) 100.182387 (5)  L13 R(4) 96.215297 (6) W1 Q(1) 98.679800 (5)

LO R(1) 110.863326 (7) L& R(1) 100.245210 (5)  L14 P(1) 94751403 (10) W1 Q(2) 98.797 445 (6)

L1 P(1) 109.405198 (6) L8 R(2) 100.398545 (5) L14 R(0) 94.616931 (10) W1 Q(3) 98.972929 (8)

L1 P(2) 100.643894 (6) L8 R(3) 100.641416 (6)  L14 R(1) _94.698040 (10) W1 R(0) 98.563371 (5)

L1 P(3) 109.978718 (7) L9 P(1) 09.280968 (5)  L14 R(2)[F7 e T 5)

L1 R(0) 109.219523 (6) L9 R(0) 99.137891 (5)  L15 P(1) )

L1 R(1) 109.273243 (6) L9 R(1) 99.201637 (5)  L15 P(3) L15 R(2 )

L1 R(2) 109.424460 (6) LY R(2) 99.355061 (9)  L15 R(0) (2) )

L1 R(3) 109.672534 (6) L9 R(3) 99.597278 (20) L15 R(1) 7)

L2 P(1) 107.802547 (5) L10 P(1) 98.283533 (5)  L15 R(2) 7)

L2 R(0) 107.713874 (5) L10 P(2) 98.486398 (5)  L15 R(3) ' 5)

L2 R(1) 107.769894 (5) L10 P(3) 98.776 882 (6) L15 R(4) * 5)

L2 R(2) 107.922542 (6) L10 R(0) 98.143871 (5)  L16 P(1) J M J ‘H I 7)

L2 R(3) 108.171124 (7) L10 R(1) 98.207427 (5)  L16 R(0) IDLL T IS 7)

L2 R(4) 108.514554 (6) L10 R(2) 98.359107 (5)  L16 R(1) 8)

st toasosss (5 Lioncy aesoeam (o ciord| |

L3 P(2) 106.690068 (5) L1l P(1) 97.334458 (5) L1TP(L)| F— +— — T — 5)

L3 R(ﬂ} 1{)6‘288 214 (5:} I.n].l P(Z} 9?534 5?6 {5} L].? H(U} ' . Wavenumber(cm'l) . 'ﬁ)

L3 R(1) 106.346014 (5) L11 P(3) 97.821804 (6)  L17 R(1) U2, - . 7)

L3 R(2) 106.499481 (5) L11 R(0) 97.198623 (5) LIS P(1) 91.841331 (9) W3 P(2) 94.961045 (5)

L3 R(3) 106.747855 (5) L11 R(1) 97.263275 (5)  L18 R(0) pb3asios oy 12 DLy 0z 157 186 (5)

L4 P(1) 105.103253 (4) L11 R(2) 97.415791 (5) L18 R(1) | 162 lines measured 2188 (5)

L4 R(0) 104.936744 (4) L11 R(3) 97.655283 (6)  L18 R(2) 61583 (5)

Ld R(1) 104.995976 (4) L1l R(4) 97.980512 (1) L19P(1) @t ~9 X 10 39773 (5)

L4 R(2) 105.149857 (5) L1l R(5) 98.389896 (7) L19 P(2) Sororrore trr o reor w=od2 557 (4)

L4 R(3) 105.397610 (4) LI12 P(1) 96.431064 (5) L19 P(3) 91.638293 (34) W3 R(1) 94.638475 (4)

L5 P(1) 103.815713 (4) LI12 P(2) 96.627550 (5)  L19 R(0) 91.082073 (17) W3 R(2) 94.711169 (4)

L5 R(0) 103.654581 (4) L12 P(3) 96.908984 (6)  L19 R(1) 91.147950 (17) W3 R(3) 94.841967 (5)

L5 R(1) 103.714992 (4) L12 R(0) 96.297800 (5)  L19 R(2) 91.295107 (17) W3 R(4) 95.031536 (5)

L5 R(2) 103.869027 (4) LI12 R(1) 96.360800 (5)  L19 R(3) 91.521225 (17) W4 P(2) 93.260468 (10)
L5 R(3) 104.115892 (4) L12 R(2) 96.504574 (5) WO P(2) 101.216942 (6) W4 P(3) 93.479006 (10)
L6 P(1) 102.593517 (8) L12 R(3) 96.767695 (6) WO P(3) 101.450423 (6) W4 Q(1) 93.057 708 (10)
L6 R(0) 102.437395 (8) L12 R(4) 97.083820 (8) WO Q(1) 100977088 (5) W4 Q(2) 93.178 086 (10)
L6 R(1) 102.498790 (8) L12 R(5) 97.488649 (9) WO Q(2) 101.093845 (6) W4 Q(3) 93.357 794 (10)



Conclusion : H, dipole-allowed absorption spectrum

Lyman (B-X) and Werner bands (C-X) are the strong absorptions (1s — 2p)

Molecular database is available

A. — set of accurate wavelengths

K, — set of sensitivity coefficients

f. — set of line oscillator strengths (from ab initio theory)

I, — set of damping coefficients (from ab initio theory)

To be used in astrophysical applications
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Lectures ICTP Winter School on Optics 2016

Precision Spectroscopy of Molecular Hydrogen
and Physics Beyond the Standard Model

Wim Ubachs
LaserLaB, Vrije Universiteit Amsterdam

Part 2

Probe for a varying proton-electron mass ratio from H,
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Empirical search for a change in n

Compare H, in different epochs

—=1+z
90-112 nm ~275-350 nm
1\ /_.-——P
1
Cosmological redshift r =To{1— 0 +Zabs)3/2}

Practical: atmospheric transmission only for z>2
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Sensitivity of H,

red shifter anchor blue shifter
| I

W5Q2 W2Q1 L10P1 LS8R0 WOP3L6R3 L3R2 LIRO LOP3

0.1

Au/p

0.3

0.4

0.5

900 950 1000 1050 1100
rest wavelength (A)
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VLT — UVES
Paranal, Chili

Keck — HIRES
Hawaii
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Q2348-011
z=242

Magnitude
18.4

1 arcsecond

ESO-VLT
2007




UVES:
Ultraviolet —
Visual
Echelle
Spectrograph

UVES at Kueyen JES+
0
ESO PR Photo 43¢/99 (8 December 1999) © European Southern Observatory A
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Calibration with UVES

Blue chip: 300-500 nm

- ——— Telescope Shutter C
mpe ( —+—E5] .
N E S < Red chips: 420-1100 nm
image Stcer [F=-E-1 m
181 182 183 |:H . m
i - Photon management
Blue Crossdispersers
Presiit Filter Wheel msfer —{- 1o & - Standard calibration:
" co# R
— g i E § o XN\ Comparison QSO exposure vs ThAr lamp
; B | T e %, e exposure
Mode Selector \ ‘ N
et o Bom i , \\ | (Attached / Non-attached)
W= W o - M NAL !
Red Slitviewer [: ‘\ ;\ BlueccuD
Retom - Problems:
-:F—TD [b Blue Exposuremeter —_—
||||||||||"|‘| . \‘ '\ 1.  Different light path in spectrograph
g "‘"“' | 2. Uniform illumination of slit
' = tl 3. Red and blue parts of spectrum
g M . ;5 recorded on different CCDs
g g G Nt E Systematic effects may mimic a Ap/p# 0!

ﬂ:’gi Vrije Universiteit Amsterdam; W. Ubachs
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Dispersion of Echelle Orders on to CCDs

Th-Ar calibration

- R | | BARE + asteroids
Blue chip Two red chips + “solar twins”

mr_-, Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Supercalibrations

HD097356
12200| — slope: 759.46 m/s/1000 A |
el S0lar twin
T o Long-range wavelength distortions
Rahmani et al. MNRAS 435 (2013) 861
- Whitmore & Murphy MNRAS 447 (2015) 446

Wavelength [A]

Asteroids and ‘Solar Twins’ targets

4 . HDO?7356‘

J ) ‘ WAy | ’ )\ M ) ThAr calibrated spectrum vs FTS
K Ik \ spectrum

i i | , |

:Convoluted e ! I | | Linear slope correction

%1s ERY] ERE ERT) 3520 321 EEFY) 3523

Wavelength [A]
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sity

Hydrogen
emission

Hydrogen
absorption by
denser clouds

"1orest\

|

Spectrum emitted by quasar

"Metal” emission lines

Pl

Spectrum received at telescope

Sharp "metal” absorption
lines from denser clouds

e

e

4500

Vrije Universiteit Amsterdam; W. Ubachs

6000 6500
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R

Vrije

J2123-005 from HIRES-Keck at Hawaii

Resolution 110000 ; z,,.=2.0593

0.6

0.4

0.2

3600
Angstrom

‘rieste 2016



Relative velocity [km/s] around z,

VELIRUE —200 ~100 0 100 200

systems . ‘ .

observed J2123 +0050, z,=2.0594 1 2 1 2 (a)
1.0| I 1 I 1

0.5} LORO, ),,,=1108.1273 [A] |
0.0, LO‘R]., Alab=1108'|6332 A | | ; i
3388 3389 3390 3391 3392
1.0} 11_ 1 11 I~ A
5 0.5} .
U
t 0-0_ | | | | | ]
(5 3795 3796 3797 3798 3799
E | IC
£ 1 1 (©)
(=) I |
= |
0-07 | | | l
4052 4053 4054 4055 4056 4057

J1443 +2724, z,=4.224 (d)

3

2
[

0.0L

V 5785 5786 5787 5788 5783 5790 5791 5792 5793
£ Vrige Unive Observed wavelength [A] ;



Analysis method: “comprehensive fitting”

Produce molecular fingerprint
L, — set of accurate wavelengths
f. — set of line oscillator strengths (from ab initio theory)

I, — set of damping coefficients (from ab initio theory)

Astrophysical conditions
b — Doppler width parameter

z — red shift

N, — column densities

Z
Fit equation onto spectrum il. _ A,u
“Treat” HI and metal lines 0 1+ Z; = (1 + Zabs) 1+ K,- —
Multiple velocity components (?) ﬂ,l. 2

K, — set of sensitivity coefficients
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The best system: J2123-005 at z

abs

=2.05

Unique spectrum from Keck; Resolution 110000 ; seeing 0.3"

Spectrum from VLT; R=54000; seeing 0.8"; better SNR

37 panels, 3071 - 3421 A
~100 H, + 7 HD lines

Keck:
AW = (5.6 + 5.5, + 2.9 ) x 10

VLT:
AW = (8.5 + 3.6, £ 2.24,6) X 10

e

e

Vrije Universiteit Amsterdam; W. Ubachs

Normalized Flux

3098 3100 3102 3104
o 0 map s il 9o @ I oeop om0 .4
g
: ot Ly | VIR .
G ' 1 B e =
Wo03: L7R0  L7R1 WORS (L7P1: L7R2 WD(}I
o] ||||| | |||| |||||
N o L WUP3 L
woo3: L/R0 L7R1 ¢ WORS L?F"I L/R2 W04
| | | | | | | | | | | | | | | |
3098 3100 3102 3104

HIRES-Keck

UVES-VLT

Wavelength ()



Q1441+272 ; the most distant
Z.s = 4.22 ; 1.5 Gyrs after the Big Bang

t{g;:::::;mww::::;:::mﬁm i = -
1.0 ' ' | ' 3 ;
. !
2 Al )
. [ b ] 1 ’l:\s 4 ; [
€05 1 | | fi Wy ) |
X T | A\ 'l U b, 1y M
Lo} | . i A 'a ‘e L- i a8
< 1 fhl[ L EI’. \(- 4" rq ! ' | r&:{ WFL‘ ”@L l i
0.0/ AR ATLE . ’ L
5120 5125 5130 5135 5140 5145 5160 5165
Wavelength [A]
20 T 1 1 1
== 3VC Ap/y
1ok —-- 4o
L, T
Systematic i T s o o {““ "“o““%“
analysis T N D :_:}:_:
4
—onk ®
_30

Phys. Rev. Lett. 114, 071301 (2015)
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Limited H, absorbers at high redshift
Zom RA Decl. N(Hy) N(HD)N(HI) Ry, Ref.
321 03:49:43.64 —38:10:30.6 145 206 1748 [7,19] Done
Q0405443 3.00 04:07:18.08 —44:10:13.9 182 20.9 17.34 [7,19] Done
Q0528250 2.81 05:30:07.95 —25:03:29.7 182 ¢ 21.1 1737 [19] Done
2.26 21:23:29.46 —00:50:52.9 176 13.8 192 1583 [15] Done
Q0013—004 197 2.09 00:16:02.40 —00:12:25.0 189 20.8 17.89 [40]
HE0027—184 2.42 255 00:30:23.62 —18:19:56.0 17.3 217 1737 [33]  =——>Rahmani
1.96 232 05:52:46.18 —36:37:27.5 174 205 1779 [41]
T Q0642—506 2.66 3.09 06:43:26.99 —50:41:12.7 18.4 21.0 18.06 [32] Done
263 270 08:12:40.6 432:08:08 199 154 21.4 17.88 [35,36]
Q08411129 237 248 08:44:24.24 412:45:46.5 145 20.6 17.64 [42]
234 257 12:34:37.58 407:58:43.6 197 155 209 1840 [43,44] =
J12371064 D69 278 12:37:14.60 +06:47:59.5 192° 145 200 1821 [37] Done (+ CO)
;ﬁw:;nfms 178 13:33:35.81 +16:49:03.7 197 148 212 1626 [36,45]
Q13374315 3.17 3.17 13:37:24.69 431:52:54.6 14.1 21.4  18.08 [30]
Q14304113 242 258 14:39:12.04 +11:17:405 194 149 201 1807 [46]
Q14414272 422 442 14:43:31.18 +27:24:36.4 183 21.0 1881 [38] Done
Q4447014 2.08 221 14:46:53.04 401:13:56.0 183 20.1 18.10 [47]
Q2318—111 199 256 23:21:28.69 —10:51:22.5 155 207 17.67 [33]
243 252 23:46:2542 +12:47:43.9 137 20.4 2018 [22, 48]
Q23480117 D42 3.02 23:50:57.87 —00:52:09.9 184 205 1831 [23,24]¢ Done

'm;i# Vrije Universiteit Amsterdam; W. Ubachs
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Status of cosmological p-variation
Varying constants and the ratio Q_, 2, A/l = (3.1 £1.6) x 10°

Lookback time (Gyr)
0246 8 10 11 115 12 12.5 i@

— | — ]

Absorption redshift
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Varying Constants ?

Coupling constants are free parameters in Standard Model

Bekenstein-Barrow —Sandvik — Mageijo — Light scalar fields ¢

S= j L plegp b Fe —f—;aﬂwﬂqﬁ]m

)7
C 4
1) Coupling to cosmology A
Variation on cosmological bt s e Bl il L S
. structure 7 = 1 :
time scales ‘constant’ :
o : >
£ “dark emergy dominated”
radiation E dust E curvature
2) Coupling to matter ora f era 5 era
density -> “chameleons” _ 5 :
Coupling to gravity : f -
“‘matter dominated” time
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Hydrogen nearby; white dwarf stars in our galaxy

Dependence of Au/p on gravitational field

Spectrum of GD-133 and GD29-38
White Dwarf stars

H, in VUV

In search for the
Chameleon scenario

dwp=(GM/Rc?)=10%g,1n

-

1 A R -~ B :
. aliubbte Space Telescope
- - .
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110

105}
100}

O Yo
o wl
T T

Energy (10° cm™)
= [y W =

o

e

e

Contributions of many lines in the B-X Lyman system

"

A ~ 130-140 nm

m;

1 2 3 4 5 6
R (a.u.)

High temperatures
High v populated
Franck-Condon factors
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Dependence of Au/u on gravitational field

Invoke partition function:

0.941

g,<J><2J+1)exp(‘k?]

R/J (T) = Vimax Jmax (V) . E 3 i 10.830
> g, ()2J+ l)exp( W ) 0.92-

v=0 J=0 kT 0.91 —10.825

0.90

T

10000 12000 14000 16000 18000 10000 12000 14000 16000
Temperature [K] Temperature [K]

Invoke intensities (1500 lines):

Apfp[x107%]
b o
]
|
|
|
1
|
|
|
[
|
[
|
]
.I
|
—a—
|
I—.—|—|
|
———
—e——
—e——
| o
wn

|
=
o

[;=N v'v"J'J"Pv"J"(T )

col

Fit T and Ap/p

GD133: Ap/p = (-2.7 +/- 4.7) x 105 GD29-38: Aw/p = (-5.9 +/-3.8) x 105
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Outlook: More sensitive molecules

Quantum tunneling

100
,r:\ r
- 14NH3
2 INH;
a 10
oo B
Q
o
Q 14ND3
L ISND
& 4 [ &
inversion o
splitting \ /1 ____N . . 2 1NT;
l antisymmetric g
c
sk st T8 s s =" e wyrnritric =
T 0.1 1 ! | 1
: * 2 3 4 5 6 7
68 90° 1127
— Reduced mass

umbrella angle

K=-4.2
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Outlook: More sensitive molecules

Quantum tunneling: hindered rotation

k endi
PRI 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 Jansen,’ Li-Hong Xu,” Isabelle Kleiner,” Wim Ubachs,' and Hendrick L. Bethlem'

400 -
\ !ﬁm\ /
300 -
T
;c:,,: 200 - v,
100
il Y
] :1];3 2;,*3 r|| 4rI|..'3 Sr1lf3 o
Torsional angle y (rad)
Calculations Extreme shifters
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Extreme shifters; towards radio astronomy

—

o

o
I

Energy (cm™)
&

130

48372.4558 MHz; K=-1 12178.597 MHz; K=-33
60531.1489 MHz; K=-7
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Effelsberg Radio Telescope



Effelsberg Radio Telescope PK 211
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week ending

PRL 111, 231101 (2013) PHYSICAL REVIEW LETTERS 6 DECEMBER 2013

Robust Constraint on a Drifting Proton-to-Electron Mass Ratio at z = 0.89 from Methanol
Observation at Three Radio Telescopes

IRAM-30m Chajnantor, Chile

I\Wﬁ“ﬁﬁﬁﬁﬂ
UL

1 160 GHz

dv=14km/s ]

; -1p¢ 75 50 -25 0 23 50 75 100
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Lectures ICTP Winter School on Optics 2016

Precision Spectroscopy of Molecular Hydrogen
and Physics Beyond the Standard Model

Wim Ubachs
LaserLaB, Vrije Universiteit Amsterdam

Part 3

3) New forces and dimensions from precision studies of H,
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The Standard Model of Physics

What do we know ? What do we not know ?

- Dark Matter

- Dark Energy

- How does Gravity fit to SM ?
- Why is Gravity so weak ?

- Constants are constant ?

Fermions Bosons

Are there only 3+1 dimensions ?

, Electron  muon tau Are there only 4 forces ?
€ neutrino neutrino neutrino
=1
[+4]
- e 7 T
electron  muon tau

J In atomic/molecular systems:

- Gravity can be ignored

- QCD can be ignored (except nuclear spin)

- Weak force can be ignored (in light systems)

| 1l 1l
Three generations of matter

Test of QED = Test of Standard model

? Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Historical Note: Lamb shift

watoms (] toms

Willis E Lamb

Electron
beam

i

Measurement of the tiny 2S,,, — 2P, splitting in H-atom

Breakdown of the Dirac theory of the electron
The advent of Quantum Electro Dynamics

Vrije Universiteit Amsterdam; W. Ubachs
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Precision measurements on quantum levels:
on weak and strong lines

a a E2
Ey—E =hv Cu, 4 Bu,
A 4 v E1
Einstein coefficients Dipole strength Lifetime Heisenberg uncertainty
C — B 1 1
B = ‘Iu T =— =——
3 i

A _8mhy 3eoh2 ' y 27t
B ¢’

Strong lines - broadened
Weak lines - narrow

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



QED in the H, ground state

H(1s) + H(1s)
Long-lived quantum states

H, has no dipole moment

TABLE 1
LisETIMES 7(z.J) OF THE ROTATION-VIBRATIONAL LEVELS OF Hp IN Unirs oF 10° SECONDS

J
v 0 1 2 3 4 5 6 7 8
O e 3.35(4)* 2.10(3) 3.63() 1.02(2) 379 17.0 8.75
Lo 1.17 1.17 1.18 1.20 1.22 1.26 1.31 1.36 1.40
s 0612 0512 0614 0618 0628 0644 0668 0698 0.735
S 0427 0422 0426 0422 0425 0433 0446 0464 0.488
SO 0328 0327 0325 0324 0326 0329 0337 0349 0365
S 0.270 0269 0268 0266 0266 0268 0273 0282 02%
b 0234 0233 023 0230 0229 0231 0234 0241 0.251
T 0.211 0210 0209 0207 0206 0207 021l 0216 0225
B 0.198  0.197 019  0.194 0194 0195 0198 0204 0203
G e 0.094 0193 0192 0191 0191 0192 0196 0203 0213
1 RN 0199 0199  0.1%8  0.497 0198 0200 0206 0214 02277
1 AT AaMT oaMT N1 aNe 024 0233 0246 0.266
Black and Dalgarno, Astroph. J. 203 (1976) 132
L 1 T T T T UL r
A 10 Possibility for precision spectroscopy
a.u. »
( ) - Very weak transitions

- 1 I?
1000 cm-' = 0.1239 eV Use excited states

S Vrije Universitei ;
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Decomposition of dissociation energy in H,

BO ad nad rel QED Total

36 112.5927:

-36 118.0695 H,

- h 40 5318 +0.1864
2711 00,4340
.36 401.9332)
— -36 an5.7828 HD
4,2509 h +0,5300 +0.15980
03276 _ _
For v=0, J=0
-36 7461623
I . -36 7483633 Do
— L0.5276 4019949
-2.7725 0.1563
Ab initio theory:

K. Pachucki et al., JCTC 5, 3039 (2009)

and many papers
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Frequency metrology of the
EF-X two photon transition

in H,

Chirp

Detection

SMF

Fourier-transform limited pulses, 20-40 ns

'gi* Vrije Universiteit Amsterdam; W. Ubachs

e

to experiment

3rd or
4th HG

-
- ~No DEDZ

4"” ”'s.*
-~ Tusapphire .

HC-lock

cw seed
laser

24

19
s
g o EF, v=0, J=0
2 =150 ns
&

.

hu 4 ; .
3

.y 2

,Jﬁ— !

)

s
o

ol
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Amplifier and conversion to deep-UV

Léipm Ti:sapphire > %
== = w2
)

S| TiSa Al INEYAG| A2
oscillator /A N\t={ pump "'ﬁﬁ
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Frequency measurement via Frequency-comb laser

Measure f_, via beat-note comb, via RF filter

frequency comb

counter

PD

_ Ti:Sa 100 m
cw laser @ j \
Master
spectral
75-MHz rep.-rate filter
11 fs laser U

frequency @

avalanche

2f

2f

beamaote frequency /ML

30

20

—
=

M B
Y ﬂi EE ﬂ§ .

110 134

0 400 800

Scan stop SIndex

Fix at 22 MHz

e

S. Hannemann et al. Phys. Rev. A74, 062514 (2006)

'gi* Vrije Universiteit Amsterdam; W. Ubachs
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Result PHYSICAL REVIEW A 74, 062514 (2006)

Frequency metrology on the EF 12;4—){ 12;(0,0) transition in H,, HD, and D,

S. Hannemann, E. J. Salumbides, S. Witte, R. T. Zinkstok, E. -J. van Duijn, K. §. E. Eikema, and W. Ubachs
Laser Centre, Department of Physics and Astronomy, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands

(Received 11 October 2006; published 28 December 2006)

H, EFI'X (0,0) 9(1)”% | | Transition Energies
H, Q0 99164.78691(11)
Q1 99109.73139(18)
o Q2 99000.18301(11)
: HD QO 99301.34662(20)
& Q1 99259.91793(20)
D, QO 99461.44908(11)
s Q1 99433.71638(11)
0 Q2 99378.39352(11)

AMA =1x 109

99109.728 730 732 734 736
wavenumber [cm'1]
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Fundamental vibration in H,

- High Precision measurements on rotation less X 'Z* -EF 2*, (0,1) band

« Bypassing the direct quadrupole measurement

« Accuracy of 2x10“4cm-’

« Good agreement with ab initio provides a stringent test of QED in molecules

a (b) EF 1 v, J)
@ ’ A (0.0) {a) | -+ Present Result (b})f 'V Rich[24] (©) [0 meKelar 25
1202 nm | 211 nm e Theary i i
05 : o7or { Buis[19] o1esk s
! A B Bragg [20] i 0.620
_ A 211 nm - i A Rahn [23] I !
[z 04 x 13+ 1202nm i I
= o (1,0 = 0.168 = o162 =
=] [ E i ESMr E
5 03f 4% — d (00 ) S - AL
3 sk (c) = ] Y i
= I ﬁ 50'165_ & o1e0f & i
c L2 [ i 0616
Do01f S5t [ & [
(g [ Q10 0164k - i
S of g st | H WR L] nﬁu_
. I .
-“'-W‘f*rmhv’\‘\-'—-— g 0k 2 HD |
0.1 Nsp
PP RPN IS BPEPEP PRI PEPUPN B O L L L 1 1 23 41 1
e b ENCIC 10 uncertainty with ab initio calculations
f-2848136895 MHz ’
V Dickenson et.al, Phys. Rev. Lett., 110, 193601 (2013)
o Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Measurement of IP in H, : 3 step approach

p1,(S=0) p1,(S=1) p1,(S=0)
1,(G'=1/2) !
1 M1 w (G'=3/2)
H2+ . X229+, a)d11(G =3/2) .

s l —» 57plf
V+=O, N+=0’1 [—d1,(G‘=1I2) 53d 5 p/

3 . 7'y 54p 165000 160000 165000

b) JL 53d — 56p/f
2 1 | sl o et 1 |
| EF1S %, v=0, N=0,1 .
AP P e P 7 RV

~150 ns w

—_—

\/ FWHM=70 MHz

120000 125000 130000

54p1,(0)
a,, P157, (1-15)
by FWHM=5 MHz ‘
N _+_ A
n
| I o A"
Mo ‘|||.“ 1 (i 1_|| b I
ol W™ hli | Il J " i
ﬂk R VYL YA VYO L ..er"\i_ - Wt S e, peins
g 4 X FRS=149.966(3) MHz
f 1{ —sf
4
g f

owe | || |

1)
5
£ i
- § assum
: m l
| | 1 | |
i 1 | | | | \ | \ | b
& | ,.‘\, LN O | | W S | J"\” 7_|'\ )L LY
T ETIR -
1 " [\ ..I.' I"'.I.. ik
T T
. 7

L ' L I L i
12604.96 12604.97 12604.98 12604.99 12605.00 12605.01 12605.00
K = i
X1 2 + oo fem”)
q

v=0, N=0,1

E. (ortho) = 124 357.237 97 (36) cm™’
E. (para) = 124 417.491 13 (37) cm™’

mgi- Vrije Universiteit Amsterdam; W. Ubachs
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Benchmark: Dissociation energy H,

-50 -

§ 1004\ * D,(H,) = Ejp(H, ) + Dy(H,") - Ejp(H)
S A
G D, (H,*) =21379.350232(50) cm-"
-200— &)
s H+H V¥V  Ep(H)=109678.7717426(10) cm-"

A
& / D,(H,)
-250 — Y

1 10
internuclear distance / A.U.

Ep(Hy) — Dy(Hy)

mgi* Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



D,: Comparison Theory/Experiment

D,H,):  Experiment [1] @118.0696(4) ch

Theory [2]:
Born—Oppenheimer 36112.6927(1) cm-’
adiabatic + B.7711(1) em™
nonadiabatic + 0.4339(2) cm™
total a® 36118.7978(2) cm™’
a? all relativistic —0.5319(5) cm’
a® all QED —0.1948(3) cm”
a* one-loop term — 0.0016(8) cm”
Total theory 36118.0695(10) cm™
D,D,): Total theory [2] 36748.3633(9) cm™
Experiment [4] 36748.3629(7) cm

S aeo

Theory:
Pachucki et al.

mgi Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Rotational effects on QED: hot hydrogen

Photolysis chemical production of hot H, Two-photon spectroscopy/ compare QED
__0.16- cher
A3 u] u]
. : i | DU
5 o
o™ .0 S
® £ :
H o ) — o
~%> o © ? ] ————4 EF,v=0
dlss uv i LDLI i ¥ =0
0.08 | A A
' [< 2 ; Q)
. o . 0(2)
G 0.04 ; ¢
>
© - 2
o e 1 X, v=0
probe UV - ols® - J=
W hH {Jltlllt|3’1l2 16’2’|Ol2’|4l2|8I32
ot H2 Rotational quantum number J
J__ (v=0)=8

% Tequiv =12,000K Phys. Rev. Lett. 107, 043005 (2011)
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Precision study of H, X' * v=12

Production of H,, v=12
Photolysis of H,S
Steadman & Baer (1989)

Now;
Three independent lasers

JCP Comm 142 (2015) 081102

mgi* Vrije Universiteit Amsterdam; W. Ubachs

120

b)

f-68446 (cm’)

0.4 0.5

1115

110

105

100

B
o

w [{e]
o 3]
(,.wo 0}) ABissua

N
o

0.1 0.2 03

(@)

0.290

= |inear fitting (b)
= = Quadratic fitting

10 0.285F " T T T T ===
0.280}
0 0.275k : , . p
8 0.0 0.2 04 0.6 0.8 1.0
Relative intensity
JI ngp Ethe AEexp—the
0 34302.1823 (35) 34302.1741 (47) 0.008 (6)
1 34 343.8531 (35) 34343.8483 (46) 0.005 (6)
2 344262216 (35) 344262179 (46) 0.004 (6)
3 34 547.3362 (35) 345473332 (45) 0.003 (6)

LeCTure INoTes LL IF winTer college Irieste 2016



Experiment — QED Calculation comparisons

Species Splitting OEexp Relf. OE 1 oE AE

H- v=0,]=6-12 150° [56] 12 150° 20 MHz
v=0,/]=13-16 300° |56] 27 300° 90
v=0-—1 4.5* [54] 2.7 5 7
v=0—2 30 [57] 50 60 12
v=0—3 1.3 [58] 75 75 10
v=0—+12 105 (59] 140 170 150"
Dy 12 144] 30 3 36
p=0—1 Yoo [54] 2.4 8 4
Do 11 [49] 30 27 32
v=0-—=1 4.5° [54] 2.1 5 —-0.6
v=0—2 30 |60] 12 30 -12
Do 21 48] 27 30 12

Various precision experiments: full agreement with QED theory

W. Ubachs et al., J. Mol. Spectrosc. 320, 1 (2016)

mgi- Vrije Universiteit Amsterdam; W. Ubachs
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Interpretation: Molecules as a metrology test system

Search for physics beyond the Standard Model
from molecular spectroscopy experiment

AE = Eexp — Etheory AE < OE Test of theory (QED)

AE > OF New Physics:

theory

OE = ,|3E2, + E,

Theory is needed — only for “calculable” systems this is possible
- Hydrogen has become a calculable system

Discover new physics <AVMW> = AE > OF

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Is there a fifth force ?

Assume: Extra hadron-hadron interaction
Parametrize (quantum field theory) as:

Yukawa potential (Phenomenological)

v.(r)= NlNz{aS eXp(_r’”/ A )}hc

HidekiY awa
Strength: &

Range: A=h/myc
Mass of force carrying particle:  m;

Hadron numbers: N, N,

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Calculate the expectation value of the energy operator

» Level shifts:
SAALIICA A,
j\ v=0 Transition shift:
SAAL IR AAEY
N1 N2
O 9 Differential effect larger for
< > very high v's (D, limit)
« r~0.75A

exp(—r/2)

r

exp(—r/21)

r

.

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016

<AV5,/1> = a5N1N2h0{<LPv'J'(r)

¥, (’”)> - <‘PV.,J,, (r)

Calculable from the known wave functions for H,; parameters o and A



oF (ﬁ)

Impose constraints on 5t force from spectroscopy H,
a. <
" NN,hc(AY)

<AV5><5E hence
ms (keV/c?)
5 2 I 05
_51029

1107 &

_:1027

0.5 T i 5

A5 (R)

For HD+ see : Nature Comm. 7, 10385 (2016)

mgi* Vrije Universiteit Amsterdam; W. Ubachs



Search for 5% forces; the grand picture

m; (eV/c?)

I1DE IIIII 0" 10"? — .10_1.2 = I1D'”“ -
10 \ddp+ 110°
: potie Salumbides, Ubachs, Korobov
1077 S J. Mol. Spectr. 300, 65 (2014)|, 15
neutrfin®.
_ ¢ sratt@rin : r—=i
e 10 : excluded region  [;p= R
e I
"‘:: 1[)9 Cas t'E}
= eriments | 10—30 =
1UD i Tarsion
i bhalanre 10—40
Keplerian
107? tests
T S | L P S T, i e g g g g 1 LLR y 1 1D_ED
10 107° 10" 10° 10"
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Physics of extra spatial dimensions

Immanuel Kant:
Number of dimensions consequence
of Newton's Universal law of gravitation

Immanuel Kant

Flux Law:

encl

§Vﬁ.d2 = kO

Outward normal

|
) 1 to surface L =~ .
3-dim: 4, oc 1’ = Foc—
r

1

N-1
r

N-dim: 4, oc '™ = F o

Gravitational attraction
depends on dimensionality

(b)

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



“Compactification”

Theory of consistent EM + Gravity in 5 dimensions (Kaluza)

Extra dimensions are not observed in the macroscopic world
They may be compactified: rolled up (Klein 1926)

Oscar Klein

String theory: “M-Theory” (Witten) is consistent in 11 dimensions

_mﬁgi Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



ADD and Large Extra Dimensions

Arkani-Hamed, Dimopoulos, Dvali theory

Phys. Lett. B 429, 263-272 (1998)

Hierarchy problem: Why is gravity so much weaker? ‘}/G — 8 x 10737
Or: Why is the Planck mass M, so much bigger? % ~ 1()17
Z

Electromagnetism, Weak and Strong forces
confined in normal (3+1)-dim space

Gravity leaks out to extra n-dim diluting its strength

Gauss law dictates deviation from (1/r)-form of
potential for r<<R_

gi Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



Gravity in Extra Dimensions with compactification

Newton

1

Vvowton () = =Gy m, —
r

Newton

Vipp(r) = _G(3+n)mlm2

ADD
mm, |
Vipp(r) = _G(3+n) R; =~
comp r

n+l

for 1> Rn

Gravity outside Klein radius

for

r<R

Gravity inside Klein radius

derive G(3+n) — (Rcomp )' G3

ke

e

Vrije Universiteit Amsterdam; W. Ubachs

mm, | R,
VADD(F):_G3 — -

r r

n

Enhancement factor
for gravity in n extra
dimensions
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A Cavendish torsion balance at 1 A distance

5 2protonsinH,

G H‘ ..... H q
F ‘--'-_'.Han
g .'" \“- V=1, ]=O
2 i
! o
: B
LE i
U
,’a’l L A \'".':, Ly b S
- 0.25 0.5 0.75 1 1.25 1.5
r&d)

behave quantum mechanically
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Angstrom-scale Cavendish experiment

<R>=0.76

v=1

Vrije Universiteit Amsterdam; W. Ubachs

<R>=0.81

<R>=2.76
v=14

Two protons act as
Cavendish gravitating balls

Better to have large

differences between
quantum states

Lecture Notes ICTP Winter College Trieste 2016



ADD in Molecules

Expectation value for the ADD-compactification in a molecule:

R, 0

<VADD(r)> =a,NN,| R j‘lf*(r)%‘{f(r)rzdr + IT(r)l
g r

R

n

Difference between two quantum states:

| |
<AVADD>:0‘GN1N2 < n+1> _< n+1>

Test for: <A VADD> < OFE

Vrije Universiteit Amsterdam; W. Ubachs Lecture Notes ICTP Winter College Trieste 2016



H, Dy

n extra dimensions

Hs Do
R, (m)

2.2x104
L O 10—
8.5x10~4
3.2x10°°
3. T=I0—®

S U WS

107° 16‘6 16‘3
R, (m)

M-theory (10 dim):
Compactification on
um scale !!

R, < 0.6 um

E. J. Salumbides, A. N. Schellekens, B. Gato-Rivera, W. Ubachs, New J. Phys. 17 (2015) 033015

E’Pgi Vrije Universiteit Amsterdam; W. Ubachs
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OUTLOOK: A future molecular test system for physics

H(1s) + H(1s)

H, D, expt. unc. (cm™)

10

107!

10"

1074

—4

S
4
7
s
p
L
/

. Natural linewidth:

1
1920

1940

1960

1980

PR | P o -16 Al
2000 2020 S

10 year

Lifetimes 10° seconds (!)

" ~ 1014
Quadrupole transitions ~ 104 Hz There is room at the

Possible precision 20-digit bottom guys
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I I l LaserLAB

Amsterdam

Thanks & Acknowledgement

Yi ' » i

Edcel ~ MingLi Julija © Keld Krzysztof ~ Frederic Michael
Salumbides Niu Bagdonaite Eikema Pachucki Merkt Murphy
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