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Dimensionless ratios — things we can actually check
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Telescopes and instruments ~S230M.

Keck Observatory
Mauna Kea, Hawaii




Telescopes and instruments ~S470M.
European Southern Observatory VLT i

Paranal, Chile :




From raw data
like this...

H N
3
1

1

1
I
1
‘ [ § ] = HIE
1 1

(the colours

are artificial)

1]

||
-

N

L B

*
Q..-_____.__‘__.___'__.__.-'.._...._.—_._

d spectrum is

A1l-
produced:

Clv

~sill

Silv

Sill Cll

Lyman limit

1
5500

L
5000

il 1 1
4500

1
4000

Transitions frequently

seen include: HI, Ol, Sill,

Cll, Fell,

Mgll, Znll, Crll,

» NV,

SilV

I

Nill, Clll, CIV

OV, H,

6000

3500

Wavelength



The Many-MuItipIet method - Rrelativistic Hartree-Fock

calculations. Enables use of different multiplets simultaneously - order of magnitude
improvement over previous Alkali Doublet method
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Low mass nucleus. different observed \)
Eletctr:in Ifeel: small High mass nucleus. Fell multiplets % CE:)
potential and Moves  rlactron feels large
slowly: small . <
L . potential and
relativistic correction X

moves quickly:
large relativistic
correction

e Ground state is most sensitive to variations in alpha so important to compare
transitions from different multiplets, rather than alkali doublets

e Lots of multiplets are detected so statistics are good

e Different sensitivities to alpha (including opposite signs of shifts) create a
unique pattern - difficult to emulate with a simple calibration distortion.

Dzuba, Flambaum, Webb, Phys.Rev.Lett., 82, 888, 1999
Webb, Flambaum, Churchill, Drinkwater, Barrow, Phys.Rev.Lett., 82, 884, 1999



Transitions shift in different directions and by different amounts — a
unique pattern
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Spectral modelling

VPFIT*. Fits multiple Voigt profiles using non-linear least-
squares with tied parameters

Can be up to several hundred free parameters

Descent direction depends on derivatives of x? with respect to
each of the free parameters

Finite difference derivatives or semi-analytic?
No unique model - ever!

Despite that, parameter solutions in fact are stable and
reproducible (shown later)

* Carswell & Webb, https://www.ast.cam.ac.uk/~rfc/vpfit.html



1. basic equations

The intensity is evaluated by using the relation,
I, =Ie ™ ) (1)

where Iy = 1 is taken in the following calculations, and

_mer Ny ¢
b A—X c
A/\D—E/\, u= Ay @ . (3)

2. parameters
c=3x10° km/s, b= 30 km/s, a = 10~* and \g = 1215.6701 are used here.
3. equations in the figures/codes

The following notations are used in the following figures.

AX=X— ), (4)

I = dI(;b, u) | [FDD _ I(a,u,b+6b)2;bl(a,u,b—5b) | (5)

51 IéOOk;ZOO_ku‘?DD 6)
where Il1,°°kulo is the derivative of I(a,u) with respect to b from the lookup table, given by

(7)

dI de™ ™ dT c acOH cuoH
lookup v — 7 v _ — = I
L= =% = o I”To(b2H+b2 8a T 6u>’

where H(a,u), %%f and %—f are calculated from the lookup tables.



Fractional -

uncertainty in the

derivative of the

. . o 1078

intensity as a =10

function of finite S —An=to

derivative step-size 107} —an=107"|
——AA=1072
——ANr=107*
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log db

FIG. 1. We have used 7y = 10~ in these plots. The first two plots show the absorption lines as
functions of u and A. The 3rd plot (second on the left) is dI/db. It is amazingly the derivative of
I increases near the line center. In the 4th plot (second on the right), I show the numerical error
from the finite step differential derivative method with the step size of §b = 0.001 (blue line), 0.01
(green line), 0.1 (red line), 1 (cyan line), 10 (magenta line) with the unit km/s. The last figure
is the numerical error from FDD as functions of step size db with different wavelength. The blue,
green, red, cyan, magenta and yellow lines correspond to AX = XA — g = 10, 1, 1071, 102, 10~

2
and 1076,



Fractional uncertainty on H(u) (at fixed a) as a function of
look-up table resolution
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0H (a,u) as functions of u with the 3 points interpolation method
Blue line: 200 data points in the lookup table.

Green line: 2,000 data points in the lookup table.

Red line: 20,000 data points in the lookup table.



Fractional uncertainty on H(u) (at fixed a) as a function of
look-up table interpolation
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Blue line: 2 points interpolation.

Green line: 3 points interpolation.

Red line: 4 points interpolation.

Cyan line: 6 points interpolation.
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Fractional uncertainty on derivative of H(u) (at fixed a) as a

function of look-up table resolution
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Blue line: 200 data points in the lookup table.
Green line: 2,000 data points in the lookup table.

Red line: 20,000 data points in the lookup table.



Fractional uncertainty on derivative of H(u) (at fixed a) as a
function of look-up table interpolation
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Lessons from the above:

1. Just because a method seems “well established”, it is sometimes
important to go back and check the basics

2. Make sure you use enough data when using polynomials to
interpolate (method used in this case was Lagrange interpolation

3. Look-up tables are used commonly for calculating complex
expressions that would otherwise require computationally time-
demanding numerical integrations

4. VPFIT is being improved to significantly improve the precision of
Voigt function H(a,u) calculations and the derivatives of the Voigt
function. Both are used internally. Both are important for
optimal analysis of high signal-to-noise, high resolution quasar
spectra.
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a in two hemispheres

King, Webb, Murphy, Flambaum, Carswell, Bainbridge, Wilczynska, Koch,. MNRAS, 422, 3370, 2012
Webb; King, Murphy, Flambaum, Carswell, Bainbridge, PRL, 107, 191101, 2011
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Different patterns in different directions

i decreases > |
edshifted but
change in o
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4.20 evidence for a Aa/a dipole from VLT + Keck

Aa/o = c+ A cos(0)

0 30 100 150

Angle from dipole maximum (degrees)



Keck & VLT dipoles independently agree, p=6%
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Low and high redshift cuts are consistent in direction.

Effect is larger at high redshift.

Declination (degrees)

Right Ascension (hours)

- z>1.6 - z2<1.6 - Combined




Distance dependence

25 absorbers
per bin

r cos(©) (GLyr)

Aa/a vs Brcos® for the model Aa/a=Brcos®+m showing the gradient in a along the best-fit dipole. The best- fit
direction is at right ascension 17.4 + 0.6 hours, declination -62 *+ 6 degrees, for which B = (1.1 £ 0.2) x 10°® GLyr™!
and m =(-1.9 £ 0.8) x 10-6. This dipole+monopole model is statistically preferred over a monopole-only model
also at the 4.20 level. A cosmology with parameters (H,, Q,,, Q,) =(70.5, 0.2736, 0.726).
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Evidence for large-scale wavelength distortions

0.2F IRIS-2006 T IRIS-2012 ’ ‘
e L]
-0.2F A /= 7.0+ 20 ppm 1 ® A/ =133+ 23 ppm
‘:\
» 02F  CERES-2010 T  CERES-2011 ‘
=
x
N
>
£
o ol
o} . I |
o 02t & /= 25+ 25 ppm 4 Ap /p= 47+ 1.3 ppm
02k EROS-2012 3400 3500 3600 3700 3800
0.1F
00F---------®&®# -~ ___
01F o
L ]
-02F e M/ p=137+ 28 ppm

3400 3500 3600 3700 3800

Wavelength (A)

Note the zero point is at the central wavelength




Velocity shift (m/s)

Velocity shift (m/s)

300
200
100

-100
-200
-300

300
200
100

=100
-200
-300

e

individual exposures

sawtooth model

3000 4000 5000 6000 7000 8000 9000 10000
Wavelength (A)



Distortion does not explain the VLT results

1. arXiv:1701.03176 [pdf, other]

Modeling long-range wavelength distortions in quasar absorption echelle spectra

Vincent Dumont, John K. Webb
Comments: 8 pages, 7 figures, 3 tables
Subjects: Cosmology and Nongalactic Astrophysics (astro-ph.CO)
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BLACK: Original results — no distortion correction
RED: Distortion corrected results



Removing the human element —
applying Al to varying constants

New method, combining three procedures into one Al
process:

e Genetic algorithm
e Local non-linear least-squares
e Bayesian model averaging

2. arXiv:1606.07393 [pdf, other]

Artificial intelligence applied to the automatic analysis of absorption spectra. Objective measurement of
the fine structure constant

Matthew B. Bainbridge, John K. Webb
Comments: 34 pages, 10 figures, 16 tables. Submitted to MNRAS
Subjects: Instrumentation and Methods for Astrophysics (astro-ph.IM)




The challenge: complicated data — need models with
many free (and tied) parameters

JO040718—-441013 z=2.595
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Fell 2382

L T T 1 1 TTT T I T T
INITIALISATION ' ! \‘\ ' “\ I'A‘V’/\L
* Set all atomic data; WN \. V \...., ‘ 4 .'\./\ﬂ

* Identify atomic species to be fitted; \ LAIRTIVA
ITWYA

* Define instrumental spectral resolution; [\ Aa A
* Define M spectral ranges to be fitted; WM—; AV ‘v’"‘\ i ‘~"U'
* Set up all free and tied fitting parameters; N Arah A
* Define genetic search first-guess parameter ranges, step sizes, stopping criteria; _TWN/\"\/\A//— “\J\l"‘u' AR I

* Initialise the population (i.e. create N "empty" spectral segments).

|
I
|
\nl||ll\|l IA\II!IAIAILIII/\A\ I! yAS
v MM MM TR
w/wl_ \nl||ll\| 1 IAII|IA|IA|II"II\ IAIII l’
REPRODUCTION MAEA RALMUALL
_ FNETV NN
* Set up the current "parents" - populate the MxN spectral segments with first-guess [ A ‘V‘V“"V"‘V‘“'V“"’\V'
fl
TV V

models (at iteration zero this is a single absorption line. The model complexity
increases with subsequent generations).

v

MUTATION
* Increase model complexity - add an additional absorption component.

.

W IgIIIIIIIIIII
Local non-linear least- W
squares optimisation of || IR
all MxN models (VPFIT) WW
WW— I Trrrr imng
A VLT L A . WA LV VLY VAT
WW FF T Iy
AT LT AV A V. W Y, VIV W AV 4T
SELECTION WW NI
VT LAV W W YL V.V VAV
* From the MxN, pick the "fittest", lowest chi-squared, model.
WW [T T 1
T A N A R 7S AN AT
l WW I NINIIIEE
V.Y M AL AV V. Wl WY, V.V WA,

EVOLUTION [T AT

* Check selected model against stopping criteria; L, YT W?WW

* If stopping criteria not met, current model becomes the new "parent".
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Wavelength (&)



A genetic algorithm doesn’t necessarily emulate
what a human does — no unique model!
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Every generation has a distribution of
candidate Aa/a solutions
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Ao/ [107°]

Ao/a solution is stable to first guesses and probably stable to
small changes in the model
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The first 1000 new measurements
of the fine structure constant at
high redshift using Al

Approximate many-multiplet sample sizes:
Already published: 300

Currently: Up to about 600 many multiplets + lots
of doublets

Possible using existing archival data: ~1500



(named after the Shinto God of thunder, lightning and storms)
National Computational Infrastructure, ANU, Canberra, Australia
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57,864 cores (Intel Xeon Sandy Bridge technology, 2.6 GHz) in 3602 compute nodes
56 NVIDIA Tesla K80 GPUs

162 TBytes of main memory

Mellanox FDR 56 Gb/sec Infiniband full fat tree interconnect

12.5 PBytes of high-performance operational storage capacity

This provides a peak performance of approximately 1.37 Pflops



420 newly available spectra from Keck and VLT archive
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THE FIRST DATA RELEASE OF THE KODIAQ SURVEY

J.M. O'MEara', N. Lesner?, J.C. Howk®, J.X. ProcHaska®, A.J. Fox*, M. A. SwaN’, C. R. GeLino®, G. B.
BERRIMAN", & H. TRAN'
Submitted to the Astronomical Journal

ABSTRACT

We present and make publicly available the first data release (DR1) of the Keck Observatory
Database of lonized Absorption toward Quasars (KODIAQ) survey. The KODIAQ survey is aimed at
studying galactic and circumgalactic gas in absorption at high-redshift, with a focus on highly-ionized
gas traced by O vi, using the HIRES spectrograph on the Keck-I telescope. KODIAQ DRI consists of
a fully-reduced sample of 170 quasars at 0.29 < 2., < 5.29 observed with HIRES at high resolution
(36,000 < R < 103,000) between 2004 and 2012. DRI contains 247 spectra available in continuum
normalized form, representing a sum total exposure time of ~ 1.6 megaseconds. These coadded spec-
tra arise from a total of 567 individual exposures of quasars taken from the Keck Observatory Archive
(KOA) in raw form and uniformly processed using a HIRES data reduction package made available
through the XIDL distribution. DRI is publicly available to the community, housed as a higher level
science product at the KOA. We will provide future data releases that make further QSOs, including
those with pre-2004 observations taken with the previous-generation HIRES detectors.
Subject headings: absorption lines — intergalactic medium - Lyman limit systems — damped Lyman

alpha systems
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ABSTRACT

We present here a dataset of quasars observed with the Ultraviolet Visual Echelle Spectrograph (UVES) on the Very Large Telescope
and available in the European Southern Observatory UVES Advanced Data Products archive. The sample is made up of a total of
250 high resolution quasar spectra with emission redshifts ranging from 0.191 < z,, < 6.311. The total UVES exposure time of this
dataset is 1560 hours. Thanks to the high resolution of UVES spectra, it is possible to unambiguously measure the column density
of absorbers with damping wings, down to Ny; = 10" cm™, which constitutes the sub-damped Lya absorber (sub-DLA) threshold.
Within the wavelength coverage of our UVES data, we find 150 damped Lye systems (DLAs)/sub-DLAs in the range 1.5 <z, < 4.7.
Of these 150, 93 are DLAs and 57 are sub-DLAs. An extensive search in the literature indicates that 6 of these DLAs and 13 of these
sub-DLAs have their Ny;; measured for the first time. Among them, 10 are new identifications as DLAs/sub-DLAs. For each of these
systems, we obtain an accurate measurement of the Hr column density and the absorber’s redshift in the range 1.7 < z3, < 4.2 by
implementing a Voigt profile-fitting algorithm. These absorbers are further confirmed thanks to the detection of associated metal lines
and/or lines from members of the Lyman series. In our data, a few quasars’ lines-of-sight are rich. An interesting example is towards
QSO JO133+0400 (zem = 4.154) with six DLAs and sub-DLAs reported.

Key words. Galaxies: abundances — Galaxies: high-redshift — Quasars: absorption lines — Quasars: general.
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Conclusions

1. We have hints of spatial variation from the largest available sample of high
redshift measurements of alpha. More measurements are on the way. Of
course, independent methods are highly desirable.

2. Long-range wavelength distortions do not explain the putative dipole.

3. A fully-automated Al method has been developed which does better than a
human, permitting a far larger sample of measurements and removing any
possible bias.

4. Supercomputer calculations are currently being done to produce the first 1000
cosmological measurements of alpha.

5. VPFIT is being improved in terms of precision of Voigt function and Voigt
derivative precisions. This should improve robustness and accuracy of error
estimates.



