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Astronomical observations represent a unique way to probe possible cosmological variations of dimensionless
constants (o, gt = me/myp). A variability of these constants violates Einstein’s Equivalence Principle and could

M. Murphy, P. Petitjean, S. levshakoy, Srianand, S. Lopez, S.
D’Odorico, D. Reimers, P. Bonifacio, M. Centurion, et al




what is a “‘constant’?
why should vary?
measurable constants
do they vary!?

observational perspective

ammonia MWV survey




With the question of universal constants you have broached one of

the most interesting questions that may be asked at all. There are
two type of constants: apparent and real ones. The apparent are simply
the outcome of the introduction of arbitrary units, but are eliminable.
The real [true] ones are genuine numbers which God had to choose
arbitrarily, as it were, when He deigned to create this world”

What I'm really interested in is
whether God could have made the
world in a different way




Standard Model

Fundamental constant = any parameter that cannot be calculated(free parameter)

In the Standard Model the interactions depend on 28 fundamental constants.
These are:
the constant of gravitiy G,
the finestructure constant «,
the coupling constant g,, of the weak interactions,
the coupling constant g, of the strong interactions,
the mass of the W-boson,
the mass of the ” Higgs “~boson,
the masses of the three charged leptons, m.,m,, m-,
the neutrino masses m(v,), m(v), m(v3),
the masses of the six quarks m,, mg, M., mg, My, My,
the four parameters, describing the flavor mixing of the quarks,
and the six parameters, describing the flavor mixing of the leptons, measured
by the neutrino oscillations.

H. Fritzsch 2009




Large Number Hypothesis

It is usually assumed that the laws of nature have always been
the same as they are now. There is no justification for this.
(...) in particular quantities which are considered to be constants of
nature may be varying with cosmological time.

e Dirac (1937) Relative magnitude of electrostatic and gravitational forces between
proton and electron is the inverse of the age of the Universe in atomic time

Gmpym i )
pitte —40 Hye B
02 SR - =dmaps ~ 2.4 x 1074

MeC?

= Olg& |/t (but other changes are possible)

0G/0t~ 10-10 yr-I

e Teller 1948: conflict with astronomical e¢idence




Fine Tuning

* Anthropic principle: we appeared in area of the Universe where
values of fundamental constants are suitable for our existence.

e Slightly different coupling constants — no life

-  Example: low-energy resonance in production of C from He in stars (o + a+ o =

2C).

NO NONRELATIVISTIC
ATOMS /




Which can be measured?

The fine-structure constant o

®» Electromagnetic force

® g, is constructed with 3 other constants, the unit of electric charge, e,

Planck’s constant, /1, and the speed of light, c:

8




The electron-to-proton mass ratio

® m.~=0.5Mev

- m.x the vacuum expectation value of
the Higgs field ®»  The weak scale

(223 Mev)
® m, =938Mev Proton
- p = (862QCD = 74(1 +2QED) Mev

- m, * Agcp ® strong forces

u ratio of weak to strong forces




e \We do not have a theory of constant variation

e if there is a coupling of a scalar field with one or more terms of the Lagrangian matter-
radiation then the physical constants may vary

= searching for varyation of fundamental constants
is a way to search for massless fields which couple
with matter

Scalar fields:

= nggS Field (possibly the first scalar field to be detected LHC)

- Inflation
- Strings: Moduli Fields
- {(R) theories
- modifications of gravity
- Dark energy (quintessence)




4+ Experiments show that fundamental
couplings run with energy (a=1/128 at

Mz)

MSSM

4+ GUTs imposes gauge coupling
unification at about 10!° GeV,

e At low energies in GUTs where a dynamical scalar field is responsible for varying a, the other
gauge and Yukawa couplings are also expected to vary

Dine et al 2003

There's a relation between the variation of o and w R is

|IR|<50, larger possible. The strong-coupling constant is running faster than o and ® Au should
be larger

measurements of Aa. & Au are a key discriminant tool of GUTs models!
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Test of constants are tests of the Equivalence Principle:

universality of free fall
local position invariance

local Lorentz invariance
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Several space-based missions:

ACES/PHARAQO (Atomic Clock Ensemble in Space/Projet

d’Horologe Atomique par Rafroidissement d’Atomes en
Orbite)

uSCOPE lounch 201 |

STEP not approved

STE-QUEST (Space-Time explorer and quantum EP space
test) M mission proposal Cosmic Vision 2015-2025

Satellite Test of the Equivalence Principle --
STEP

F=ma mass - the receptacle of
MerEMm/r’  mass - the source of gravitation

Dz

Orbiting drop tower experiment { : y°fe;!me_ for Iseparation to build
eriodic signa

will improve existing bounds by orders of magnitude.




Quintessence

Dark Energy 1s possibly a scalar field: Quintessence.
Slowly evolving scalar field (Wetterich 1988, Ratra & Peebles 1988).

T =§aﬂ¢aﬂ¢—w¢>

p¢=%¢2+w¢) e p¢=%¢2—w¢)

i — ?(pR +py +p,) (2% eq. di Friedmann)
%: —?(2,0}3 +p,, +2¢0° =2V (#)) (12 eq. di Friedmann)
¢’ -
T —V(9) w = | kinaton
Golie
Py ¢—2+V(¢) w = -1 slow-roll

2




® SLOW-ROLL produce acceleration
1
w < -1/3 QZEZQ,-(IJFW’,-)

very small mass (otherwise energy of the field > total energy)

Ag .. :
M—“l my, =~V (9) ~H, ~10 el

B

° long ranging forces (from indetermination principle)
—1
rocm

= f[ifth force
= violation of universality of free fall (independent from mass and composition)?

m, =m+aB

m, =m+aB,

e not observed in EP experiments:
= minimum coupling (or locally minimum coupling)

= Chamaleons fields (dependence of coupling on environmental matter density Khoury & Weltman’04, Bax et al.’04
Feldman et al.’06 Olive & Pospelov’'08




p4cl10k0.1  (100x100x100x1x35)

adapted from Avelino et al 2006

Monte Carlo data based on redshift dependence of the scalar potential. 200
for a and 50 for of 0.5 ppm for a and u.. :Ao/a. =-5 ppm at z=3 (Murphy et
al assuming R=-6). Scalar potential which account for the observed accelerated expansion: V

(#) =Vo(exp(I0ke) + exp(0. k) .6




Aa = (0,- 0p) 0y

Atomic clocks

Oklo phenomenon

eorite dating Quasar absomtion
pectra

CMB obs
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Rosenband et al 2008 Blatt et al 2008

Drift 2 (10-15/yr)

%2 = (—3.3+3.0) x 10718 /yr
%‘ = (1.6 +1.7) x 10~15/yr
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Hg+ and Al R e
do/dt/o =(-1.6 +2.3) 10'17yr‘1 M/ /M ( ) yr

, 87Sr-Cs in labs: Tokio-Paris-Boulder for 3 years
17th decimal place!




OKLO

Natural fission reactor t=1.8
Gyr; 23U ~ 3.7%, today 0.7% ».
AFR

discovered 1972 in Gabon N e

149Sm/'47Sm = 0.02 (instead of 0.9) S
o 5

: o311
Isotopic abundances related to the cross
sections for neutron capture on '¥*Sm + n
= 150Sm + gamma

The uranium isotopes found at Oklo strongly
resemble those in the spent nuclear fuel
generated by today’s nuclear power plants.

The resonance energy (E=0.0973 eV)
depends on a (Shlyakhter (1976); Damour,
Dyson, Fujii)

Nuclear Reactor

Ao/ < 107 NG =
7\\\ Sandstone

but if other constants vary this constrain
do not apply.

Sandstone Ore Layer




Meteorite dating

* Decay rate depends on « (Wilkinson 1958)
B-decay n=p + e+ anti-v,

sensitive to the neutron-proton mass difference: an
electromagnetic contribution

Rhenium constraint : change in the radioactive half-life
( Peebles & Dicke 1959).

From the observation of the '8/Re/'8’Os ratio in iron-rich
meteorites 4.5 Gyrs ago

Ao/ < 3x107 Olive et al 2002




A non Standard 0 “test_scalCls0720_alp.dat" using 1:2 -------

“test scalCls0720_nocha.dat" using 1.2 ———
changes the epoch of "test_scalCls0720_alm.dat" using 1:2

recombination

® change in the height
and position of the
peaks

Several effects: Thomson
Cross section

o1 = 20*h% /(3 mec?)

- Ichikawa et al 2006 <0.04
dTy 80']‘(1RTR A ; 4
& 3HQA+m m( M~ np - Menegoni et al 2009 <0.01

- PLANCK will improve this limit
0.4% (?)




—— e AL/ Op=+ 0.05
e AQL / Qo= O . .
Aot/ cto=— 0.05 changes in a induce changes (Kolb et al

1986):

in the nucleon mass =»neutron to
proton ratio

Yine (mass fraction)

In the Coulomb barrier of nuclear
reactions

Coc et al 2007 “solve” the Li-D
(WMAP) discrepancy,

to keep everything rather consistent:

Aa/o. < 10-2

Ichikawa & Kawasaky 2002 Rocha et al 2004, Sigurdson et al 2004
22




To Earth

Lyman Hmit ¥ ¥ 3 Sill C1Vv

Y DAMAGE INC

BARCODE with
" atomic structure

at time t(z)

THE ASTROPHYSICAL JOURNAL, Vol. 149, July 1967

AN ANALYSIS OF THE ABSORPTION SPECTRUM OF 3C 191

Jorn N. BarCALL, WALLACE L. W. SARGENT, AND MAARTEN SCHMIDT
California Institute of Technology and Mount Wilson and Palomar Observatories,

Savedoff I 956 Carnegie Institution of Washington, and California Institute of Technology
Received May 12, 1967

H We report on an analysis of a 193 A/mm spectrum of 3C 191, a quasi-stellur source
Bahcal I, Sarge nt, SCh mldt I 967 whose rich absorption spectrum has been descglbed by Burbldge, Lynds, and Burbidge
(1966) and by Stockton and Lynds (1966) (hereinafter these papers will be referred to
as “BLB”’ and ‘‘SL,” respectwely) This relatively high dispersion for such a faint ob-
ject (m, = 18. 4) was sought in order to mvestxgate the relative intensity of different fine-
structure lines in absorption (Bahcall 1967). The principal results of our analysis are:
(1) most of the absorption lines are resolved and have widths of the order of 3 A in the
rest frame of the source; (2) either the electron density is of the order of 10® cm—2 or the
distance between the continuu.tn source and the absorbing region is of the order of 10%*!
pc; (3) the value of the fine structure constant at z = 2 equals the laboratory value to
within measuring errors (about 5 per cent); (4) the carbon-to-silicon abundance ratio
by number is 2.5 to 1 with an uncertainty that is probably less than a factor of 3; (5)
there is no evidence for a dependence of absorption redshift, z.us, On ionization potential;
and (6) dthere is no significant evidence for absorption lines from metastable states of
C 1mx and S 11.




Different transitions depend on different combinations of the
dimensionless constants.

Gross Structure R)’

. Fine Structure ()(2 R)I
Atomic |
Hyperfine Structure o2 (gpl,l) R)’

Electronic Structure R)I

Vibrational Structure ) R
Molecular U7 Ry

Rotational Structure l,l Ry

Relativistic Corrections 2

Rydberg constant




Atomic calculations are required to compute w (o)

> 4
®w = w) + (]122 (g) — 1|+ (]224 (i) — 1
() ()

Low mass nucleus ’ High mass nucleus

Electron feels small Electron feels large
potential and moves potential and move:s o
slowly: small relativistic quickly: large relativistic
correction correction

Sensitivity coefficients q are found by varying a in computer codes (Dzuba et al 1999

Relativistic Hartree-Foc g Accuracy

- NL.’@
1 All-orders sum of dominating diagrams 0.1-1%
2-6

Configuration Interaction + Many-Body 1-10%
Perturbation Theory

2-15 Configuration Interaction 10-20%




The Many-Multiplet method

High-z (>1.8) Low-z (0.5 — 1.8)
o0 I Znll FeII |
oo T‘eII —_

O.03 —t
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Many Multiplet Method: Simulations

Fel II7\123'7‘14

l IFe 1IA2586 l II)\'ZBO?

z(abs) = 1.5
L A l A L L A l L L ' 1 1 L L 1 l L 1 1 L l 1 \l L L A l ,l L 1 1 l L
5940 59506 | 6465 6480 6495 | 6990 . 7005

= Fe iv\zalsz = Fe IIA2600 Mg II>\J-279|6‘11\

———J- _— — — — T ————

Observed wavelenglth (&)

A Shifts shown for 104; or
a  (ve—wv1)  Av
a  2¢(01—Q,)  2¢AQ |.8 km/s




Murphy Webb Flambaum (2004)

Fractional look—back time
0.200.40 0.60 .80
.Lllllll I T 1T T T | 1 T [ T
~ 77 points, Ax/a=(
L 27 points, Ax/a=/(
T 39 points, Ax/a=(
10 143 points, Ax/a=(

20

—0.54+0.12)x107°
—0.74+0.44)x10"°
—0.7
—0.

4+0.35)%107°
574+0.11)}x310[>

Aolo. = (-5.7 = |.]) ppm




+e+ Robust x2 min. Aa/a = (—0.44 + 0.18)
Chand et al. (2004)

!
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Revision of VLT/UVES constraints on a varying fine-structure cq

Michael T. Murphy ' John K. Webhb,? and Victor V. Flambaum?

of Astronomy, er. of Cambridge, Madingley Road,
0ol of Physics, U ty of New S
(Dated: April 27, 2007

1 1.5 2
Absorption redshift, z

Srianand et al 2009




Mg isotopes

m Mg I/II fitted, Sill not: 72 systems
ASill fitted, Mg I/Il not: 61 systems

[(29Si+30Si) /28]

[(**Mg+2°Mg) /2*Mg ],

|
!
|
|
1
!
|
!
|

%

0.5 1 1.5 2
(Mg +326Mg) /?>*Mg, (2°Si+30Si) /?8Si

Supersolar 2°26Mg/?*Mg no need for a variation
Undersolar: variation even more significant

Chand et al is consistent with a variation

25,26Mg are contributed by Intermediate Mass Stars (4-8 Msun)
very Little information on isotopic behaviour.

® Murphy et al and Chand et al assume solar ratios




Only Fell

* Only Fe lines! independent from non-solar isotopic
composition of Mg Molaro et al 2007

HE 0515-4414 v=149, DLA at

Zp=1.1

Aol/o. =(-0.07 £1.8) ppm

e QSO 1101-264V=16,DLA z,,.=1.84 R=80000 L NI RRN

Ao/a=(5.4+2.5) ppm

Error Like larger surveys!

® | evshakov et al 2007




Webb King Murphy et al 2010 arXiv:1008.3907

King Webb Murphy Flambaum Carswell Bainbridge Koch 201 |
submitted

z, redshift

|53 absorbers Aa/a = (2.08 = 1.24) ppm




Fractional loock—back time

-5 0 5 —-100 10 20

Ao/a = (-5.7 = |.1) ppm Ao/a = (2.08 = [.24) ppm




~25 absorbers
per bin

direction:
RA=174 = 1.0h

DEC=-61 =10
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O, angle from dipole maximum (degrees)
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 directions of dipole of VLT and Keck samples separately agree
e directions of dipole for z<1.6 and z> 1.6 cuts of the combined VLT+Keck data agree

e in the equatorial region of the dipole consistency between Keck and VLT




- HEO0515-4414 Aa/o. predicted by dipole (1.9 £1.5) ppm
measured (-0.07 £1.8) ppm
- QSO 1101-264 Aa/o predicted by dipole (3.8 +2.0)ppm

measured (5.4 x2.5)ppm

® no existing theories predict a dipole in alpha

® implications for the fine-tuning: constants can
take different values!

® a 4 sigma results need to be studied. Peak
level : 10 ppm (unfortunately towards the
Galactic Center)




Are calibration errors an issue!

lodine- Th-Ar comparison

Y 12069 68 67 66 65 61 63 62 61 60 59 58

5400 5600 5800 6000 6200
MAngstroms)

0
5000 5200 5400 5600 5800 6000 6200
A(Ang)

Griest et al 2009
order modulation:

saw-tooth

RV offsets up to | km/s

intraorder: +/- 100 m/s

Whitmore et al 2010




UVES observations of Iris to look for shifts of line positions
compared to “absolute” solar HARPS line positions:

BO41454%8 |

= 509.96349 |
= 04218763
e — 5044.216756

UVES ORDER N. 121
l 5040 ‘ ' ‘

A

= no evidence for a saw-tooth but distorsions at the level of 80
m/s with a length of 10-15A




lines which should not vary show unexplained shifts

® Fell 2383,2344
A Fell 2383,2374 .
@ Fell 2383,2586 Q1101-264 z=1.839

W Fell 2383,2600 !

HE0515-4414 z=1.151

=

HE0001-2340 2=2.187

2=2,185

200 m/s ~ Aa/a 10 ppm

Av (m/s)

( Centurion Molaro Levshakov 2009 arXiv0910.4842)




Comb spectra @ HARPS

T B0 P @0 . P . ®- oo o P ® =
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e s oW ® . - - . e o * ~0e@e e » . :

Residual 4th order fit
Residual 8th order fit + steps
—— Difference comb and ThAr calibration

Wilken et al 2009
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CCD pixel in 42nd order

e Comb-ThAr up to ~100 m/s (but ~ O in the mean)
= do/a ~5x 10°

e UVES? and HIRES? however difficult to explain the dipole




We need an ESPRESSO!

chelle SPectrograph for

ocky Exoplanets and

table Spectroscopic
bservations

ESO STC 2007
Il generation VLT instruments

High Resolution-Ultra Stable S.

Pl: Francesco Pepe |¥ q
®

Consortium:

- Observatoire de Geneve
- INAF- Trieste and Milano
- Instituto de Astrofisica de Canarias

- University of Porto
- ESO




Telescope

VLT (8m)

4-VLT mode
(D=16m)

Scope

Rocky Planets

constants

Sky Aperture

| arcsec

| arcsec

R (MAM)

~150000

~ 40000

A Coverage

350-730 nm

350-730 nm

A Precision

5 m/sec

5 m/sec

RV Stability

< |0 cm/sec

RV < Im/sec

with:

- Fibres feed

Ing
- Thermal-vacuum control and stability
- Laser Comb calibration




R = 46,000
FWHM = 8 pxl =~
1 pxl = 139 mA
D=16m

.

b =2 km/s T, = 1.26

|UT o, ~20ms’!

- 4UT o, ~5ms! =2 0,,,~3x 107 with Fell-Mgll

Observations photon noise limited
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m./m

P

Molecular Hydrogen
(Thompson 1975)

electron-vibro-rotational
transitions have different

dependence from the reduced
mass

PKS 0528 z=2.8 Varshalovich
Levshakov (1993)

v = EI (Cjelec + ijib/\/ﬁ + erot /IJ)

}\‘obs o }\'rest (1+Zabs)( 1 +Ki AM/ M)

Astrophysical Letters © Gordon and Breach Science Publishers Ltd.
1975, Vol. 16, pp. 3-4 Printed in Great Britain

The Determination of the Electron to Proton Inertial Mass Ratio via
Molecular Transitions

RODGER |. THOMPSON Steward Observatory, and Department of Astronomy,
University of Arizona

(Received August 26, 1974; in final form October 16, 1974)

It is de that the wa
inertial ervation of
in distant obje If confirm
determination of me/my for these objects.

sensitivity coefficient K;

1000 1050
restframe wavelength [A]

fndFEe N pindEg
dpin dpin

1100




* Werner and Lyman transitions (Ubachs et al 2007)

* wavelength accuracy 4-10 x10/{-8}
* K coefficients 0.00-0.05 (accuracy 1-2%)

Auwlu = Av/cAK 15 m/s 1 ppm




Hz at hlgh y 4

Noterdaeme et al 2008

e Only4 QSOs
PKS 0528 z=2.8 Varshalovich Levshakov (1993) Cowie Songaila 1995, Potekhin 1998
Q 0347-383 Levshakov et al 2002 (first observation with the VLT-UVES),
Q 0347-383 and Q 0405-443 lvanchick et al 2005, Reinhold et al 2006
Q 2123-0050 Malec et al 2010 but at z=2




Q 0347-383

400 |-
300

2 o gmporey T

3700 3800 3900 4000 4100 4200 4300 4400 4500
observed wavelength [A]

e« H, in DLA
few systems, lines in the UV ~ 950-1050 A® z_, >2.5.

e Levshakov, Dessauges-Zavadsky, D’Odorico, Molaro (2002) first UVES analysis of u (88
lines detected, 15 used)

Aw/u=(2.1& 3.6)x10°



QSO 0347-383 & QSO 0405-443

Ivanchik et al 2005
Reinhold et al 2006
Ubach et al 2007

001 000 001 002 003 004 005 0.06

K

Q 0347-383:  Auw/u = (+20.6 + 7.9) ppm ( parts per milion)

Q 0405-443: Au/u = (+27.8 + 8.8) ppm

Awlu = (+24 = 6) ppm

49




Thompson et al 2009

QSO 0347-383 QSO 0405-443

10
I 10 T T
S 5k . .
x B — S
N - x i
- I~ N~
= I £ I
0 — < i
ks I 2 o
(a4 (] L
o - |
b T
Q (] -
3 o
2 sk : 3 |
o —J § -5+
—10 — S L —-10 O TS S
—0.02 0.00 0.02 0.04 0.06 —0.02 0.00 0.02 0.04 0.06
Sensitivity Coefficient K; Sensitivity Coefficient K;

Aulu = (-28 + 16) ppm Aulu = (0.55 £ 10) ppm

Aulw = (-7 + 8) ppm




QSO 0347-383 again

(Wendt & Molaro 2010)

We analyzed 8 new spectra not previously
considered .

Thompean st al 2009 {36

thie paper (36}

Velocity offsets among |5 spectra Av=180

m/s (up to 800 m/s)
analysis has been performed on individual
spectra

AM/M — (15 + 9 stat + 6 sys)
ppm

dominated by systematic errors

Reduced Redshift x10~°

(120 m/s)

-15
-0.01 0.00 0.01 0.02 0.03

Sensitivity Coefficient K;
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 King et al (2008) PKS 0528-25 z=2.8
e Malec et al 2010 QSO 2123-0050 V=16.z=2.059
* Murphy et al 2008 B0218+357 z=0.68

¢ Henkel et al 2009 PKS 1830-201 z=89




\\‘NHB
®
&L

7

* Due to the tunnelling the two levels are split into inversion doublets

*  Flambaum & Kozlov (2007) A(D/(D='4.46 AM/M
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Peak: 426.2, Contours: 1.80 x 2, RMS: 1.81 mJy/beom

am: 0.9 ot 4.4 dog., Not.Wgt.(nc taper) 2184357 VLA 14.915 GHz 18/1

) 357, Epoch: 1995-04-07, 15.4 GHz ) |
IOJAVE Program N |

Murphy et al 2008

S gravitational lens, z=0.68

NH; versus CO, HCN, HCO?
Auw/n=(0.74+0.47stat=+0.76sys) ppm

%
5
=
°
)
S
E
~
o
z




PKS 1830-21 |

e radio source (z=2.5), lensing face-on spiral galaxy at
z,, =0.89 ==> 3 main components + Einstein ring

e Henkel et al 2009 Effelsberg 100-m: 10 NH; inv. lines 5 rot.
transition of HC;N

{15.10) x 5
L,

wn”uﬁf”mﬁ“wd”mm“ﬂnn“‘lﬁwuﬂr ol

i atag SOV M [ O hww Lﬂﬂf'"wg"ll‘d‘mfﬁ’rl;:

{8.6} x 2

n Ll o

P |Ir-u|r u-uvuu

Line—to—Continuum Ratio

Velocity (lsm /s)

AV gicsnnmz=0.08 + 0.49 km s”' Au/u = (0.08 +0.47) ppm
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In the Milky Way

Molecular DENSE CORES

starless

T=11K

o, =~ 100 m s-! (simple)
Masses = | Msun,
Sizes: = 0.1 pc

Densitiesn H = | - 10°> cm?3

- NH; sources common in MW Molecular Clouds
- Significant fraction of gas is ngn forming stars
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Rosolowsky
et al 2008

D = 260pc

1
+_

I_
ao° E
|

6x2° or 27x9 pc

()
[

M ~ 104 Msolar

-3
L1456 /L1448 Ry~ 100 cm

Va7

T T

————

a (2000)

e NH; & CCS on 96 cores with 100m Green Bank Telescope

Size scores = 0.09 pc
- GBT beam at23 GHz 31 *“ (0.04 pc at 260pc), Spectral resolution = 24 m/s (!)

Single-pointing, simultaneous observations of NH; and CCS lines
Y/




I I

NHg (1.1)  Tx=10.15+/-0.06  7,=0.50+/-0.01
Tay =8.21+/-0.08 0@, =0.14+/-0.00

Vigp =6.67+/-0.00 T, =6.41+/-0.03

T,(CCS) =0.54+/-0.02 AV =0.06+/-0.01

oy (CCS) =0.18+/-0.01 ¥* =1.02

T

——
cC¥s (2,-1,)

e NH; 23.69 GHz (18 hpf transitions); E, =23 K -
e C,S 22.34 GHz; E <23 K ==> similar distribution
58




n
»w
—
=
<31
-
[}
7]
D
e
o
>
-
o
=
)
e

§ AV = V(CCS) — V(NH,

AV, _34=39 + 10 m/s
thermal profiles
AV, ;=367 m/s

only symmetric
8 9

Source velocity, V, 4. km s !

AVr =36 (£ 15) => Aw/u = 35 (+ 14) ppb

(Levshakov, Molaro, Kozlov 2008 aeXiv:0808.0583 NOT PUBLISHED!)



Milky Way NH3 Survey

Alexander Lapinov

32m MEDICINA
(Bologna) Italy

Nov 24-28, 2008

100m EFFELSBERG
(Bonn) Germany

Feb 20-22, 2009

45m NOBEYAMA
(NRAO) Japan

Apr 8-10, 2009




Observations
32-m Medicina

2 digital spectrometers ARCOS (ARcetri COrrelation Spectrometer) and MSpec(

(high resolution digital spectrometer)
Spectral res. = 62 m/s (NH;), 80 m/s (HC;N) ARCOS

Spectral res. = 25 m/s (NH;), 32 m/s (HC;N) MSpec0
beam size at 23 GHz: 1.6’ , at 18 GHz: 2.1°
position switching mode

100-m Effelsberg

K-band HEMT (High Electron Mobility Transistor) receiver, backend FFTS (Fast
Fourier Transform Spectrometer)

Spectral res. = 30 m/s (NH;), 40 m/s (HC;N)

beam size at 23 GHz, FWHM = 40 arcsec
frequency switching mode

45-m Nobeyama

HEMT receiver (NH;), and SIS (Superconductor-Insulator-Superconductor)
receiver (N,H")
Spectral res. = 49 m/s (NH;), 25 m/s (N,H")

beam size at 23 GHz, FWHM = 73 arcsec at 93 Ghz 17arcsec

position switching mode




Theoretical Transition Intensity

Transition

CCS Jv =21 — 19
NHs (J,K) = (1,1)
HCsN J=5—-14
NoHY J=1-0

NH, (1.1)

Satellite Lines,

Outer AF,==1

NgH* (1-0)

F,F=01—12

Vrest

GHz
22.344033(1)°
23.6944955(1)"
45.4903102(

)
) b
93.173777(4)"

)
1
3
)

Inner

o
Velocity Shift (km s-%)

Satellite Lines,
AF, =21

Outer.




pxl=15 m s—?!

S/N=32

i 2 2 2 2 2 a a a a PN ST SRS S S S
—=25 —=0 —15 —10 —5 o 5 10 15
Relative Velocity (km s 1)

errors of 1 m/sl!!
best L1512 errors: 0.8 m/s (NH3) & 0.9 m/s (HC3N)
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April 2009

7T

NH, (1.1)

T T T

T

V,e=6.0345+0.0014 km s~

N,H+ (1,0)

Viee=6.0460+0.0030 km s~' 1

b=104 m s-!

HC,N (5.4)

Vise=6.041040.0022 km s

g

b= 82 m s!

CB 23
NH,, NH,+ ,HC,
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32m Medicina ARCOS Nov 2008 NH; and HC;N

vt

Lo L ML AT i P AR A U ot S g A AL A M AN MR A i L ol e i e s

HC,N (2—1)

L183 NH, (1.1)

| [\
Ly
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HC,N (2-1)
R A AR Y e
(bt i he

L i 4

o - o 10
Relative Velocity (km s-!)




41 cold and compact

cores in Taurus

55 molecular pairs

Notes:
TMC-IC partially mapped
large dispersion

L1512 by Medicina and
Effelsberg consistent

L1496
L1408
Liz81c
L1261T3
L126172
L126171
L1167
NK3sRCE
THC-1C
1280

43
L183(-31.6.25)
1182(0.0)
L1512
L15178

L14986(40,40)
L1486{0.0)
L1187
L126173

TMC-10(80,-48)
TMC-10(~060.43)
TUC~10(~120,90)
TKC-10(0.40)
TUC-10(0,-40)
TUC-10(0,0)
csee

L1400K

L1400

Velocity Offset, AV (m s7)

NOBEYAMA

EFFELSBERG

MEDICINA




Molecular differentiation within a low-mass core




co-spatially distributed n=23

~ b(NH3)
~ b(HC;N)

Criteria:

= Symmetric, ﬁ =1.7 pure thermal
- narrow b< 100 m/s f

- thermally broadened,
- optically thin

Velocity Offset, A V (m/s)

Aw/u = (2.6x 0.4, = 0.3

Levshakov, Molaré%et al 2009 A&A

)x10-8

Sys




N,H® (1-0) NH3 (1,1)

uncorrected N,H+ (4:1-0)
corrected NH® (J:1-0)
NH3 (J,K = 1,1)

uncorrected N0 (J:1-0)

e Pagani et al 2008: NH; (at GBT) & N,H+ (at IRAM)

x-x uncorrected NH (J:1-0)
<+ corrected NoH* (J:1-0)
* NHz (J.K = 1,1)

-a--& uncorrected ND* (J:1-0) /a ; s N o Reference POSition: DV= 40.8 i 0.56 m S-I
* 65 common positions:40.8 + 12.9 m s’!

e Pagani et al correct the frequency for N,H+

e Molaro et al 2009 propose intrinsic shift

Declination offset (arcsec
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AJ, arcsec

AJ, arcsec

EFFELSBERG 2010

L1517BC
- January 2010:

- mapping of 4 clouds thermal
broadened low turbulence, subsonic
velocity

- NH3 and cyanoacetylene (HC3N)
- 15.4 & 20.1 m/s channels, angular

407, 50” (pointing 10”
[L1400K pontine 10

For the 2 clouds L1498, L1512

AVi=2iL el o3 samis

Al (2 g e 3 )l 0

0 -60 180 2 60
Ao, arcsec Ao, arcsec

Levshakov et al 2010



sys molecules Radiotel. Author Clouds

H C 3 N Effelsberg Levshakov, Molaro et al

+3 Medicina 2009 AZA 4|
NH2+ Nobeyama

Levshakov,

CCS Green Belt Molaro, Kozlov
2008 aeXiv:

Au/p = (27 1, = 35,)x107
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reproduced at different facilities by different
groups

no known systematic at the level of 20 m/s

verification - other molecules, new targets

Pism(Z=0) = prsm (z>0)

IN DLASs expected Au/u ~ 108 with CODEX !




Coupling to gravity!?

e distance < 1000 ly

® variations conflict with laboratory bounds, but also spatial!
Au/u =K , AD
e The Galactic gravitational potential is A® = 10~/
e if Aw/u=0.03(£0.01) ppm
=2l el

e But atomic clock experiments in the solar system...




Coupling of the scalar field with local gravitational potential

The Earth moves on an elliptic orbit in a varying gravitational potential

vty
Tokyo™~ N
Bulll der 4

Aa/a = K aAd
Au/u=K  A®

AD =3.3x 1010

=> K & = (25 +-3.1)x 10¢  (Blatt et al 2008)
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Chameleons in the sky

dependence of masses and coupling constants on environmental
matter density Khoury & Weltman’04, Bax et al."04 Feldman et al.’06 Olive & Pospelov’08

P - ambient matter density

In the dark clouds:

Ocloud 3X10° Gev cm3

Pe= 3x102%* Gev cm™3 mal <0.1 —10° pc,

~J

Orab/ Prsm ~ 1012 - 1014




* Variability of physical constants is important for physics (only
astronomy can probe it in space-time)

* Implications:
e new force (related to scalar fields)
e Possible reconstruction of W(z) Dark Energy
e pointer for GUTs theories
Hints of spatial variation:“Australian Dipole” but TBC

ESPRESSO @4VLT and CODEX at the E-ELT will improve present
accuracy by about 2 order of mag.

New intriguing variability of mu in the MW from the NH3 method (also
TBC)




