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Abstract

In the coming decade, new observational facilities will enable galaxies seen in
the first half of the Universe’s history (z > 1) to be mapped on ~ 100pc scales
routinely for the first time. As a preview of the science capabilities of these facilities,
we can use clusters of galaxies, the largest gravitationally-bound structures in the
Universe, as natural telescopes. Using this technique, we examine star formation
within galaxies at 1 < z < 5, during the peak epoch of cosmic star formation density.

We begin in Chapter [3] by targeting Ha emission with narrowband imaging from
HST/WFC3 in eight lensed galaxies at z = 1—1.5. We identify star-forming clumps
in these galaxies and compare their properties directly to those of local spirals.

In Chapter 4] we consider the fuel for star formation, with a search for molecular
gas in a z ~ 5 lensed galaxy. We obtain a tentative detection that implies a gas
fraction Mgas/ (Mgas + M,) = 0.5970 05, suggesting slow evolution at z > 2.

In Chapter Bl we present the largest survey to date of gravitationally-lensed
galaxies observed with integral field spectroscopy. We present observations of 12 new
galaxies, increasing the total sample to 17 lensed galaxies at 1 < z < 4 observed on

100 pc scales, and investigate the global disc dynamics and map the star formation.
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With these combined observations, we present a simple theoretical model in
which star formation in galaxy discs is driven by the same physical processes at all
redshifts. We find that the scale of collapse depends on the galaxy’s gas content
and kinematics, and show that our observations are consistent with the necessary

evolution in these properties.
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Chapter 1

The History of Astronomy

1.1 Overview

The work in this thesis is concerned with the extragalactic Universe; that is, that
which lies beyond the reaches of the Milky Way galaxy. Extragalactic astronomy has
existed as a science for fewer than a hundred years, but required the accumulation
of thousands of years of observations, improvements in technology, and theoretical
modelling to reach its present stage.

The history of how our current model of the Universe developed has formed a
critical part of the author’s outreach work, with the aim of communicating to the
public how scientific ideas develop. In this chapter, we give a summary of the work
of the many giants on whose shoulders we must stand if we are to study the most

distant reaches of the cosmos.



1.2. Modelling the Solar System 2

1.2 Modelling the Solar System

The first known model of the Solar System that resembles our own, with the Sun
at the centre and the Earth and other planets orbiting around it (known as a ‘he-
liocentric’ model), is that of Aristarchus of Samos (310 - 230 BCE) published in his
On the Sizes and Distances. In this work, Aristarchus used geometrical arguments
based on solar and lunar eclipses to derive the sizes and distances of the Sun and
Moon in terms of Earth radii. Limitations in the accuracy of observations led to
the distances being underestimated (the distance to the Sun was calculated to be
~ 380 Rg, where R is the radius of the Earth, compared to the modern value of
23,500 Rg); nonetheless, this was one of the first applications of geometry to derive
physical properties and the earliest known attempt to derive a physical scale for the
COSIMOS.

Although the heliocentric nature of Aristarchus’ model is often assumed to have
been novel and controversial, it is likely that the concept pre-dated him and he was
merely its most prominent proponent. (Christianidis et all (2002) argue that geocen-
tric and heliocentric universes were equally valid from a mathematical standpoint
as a means of describing astronomical phenomena, and it was not until later that
physical and philosophical considerations became a concern.

The ‘Universe,” in the model of Aristarchus, was supposed to be the volume
contained within the sphere that carried the ‘fixed stars.” To be consistent with
the assumption of heliocentrism, this sphere had to be located at a sufficiently
large distance that no apparent movement would be observed as the Earth orbited

the Sun (known as ‘parallax’); in fact, Aristarchus declared it to be infinite. The
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first attempt to estimate a finite physical scale for the volume of the Universe as
a whole was by Archimedes in his work The Sand Reckoner, written some time
before 216 BCE. The aim of this work was to set out a system of numerical notation
that could express arbitrarily large numbers, and this was demonstrated through an
argument that attempted to calculate the number of grains of sand that could fit
into the Universe. This calculation relied on the assumption that the ratio of the
diameter of the sphere of fixed stars to the size of the Earth-Sun orbit was equal
to the ratio of the Earth-Sun orbit to the diameter of the Earth. He then derived
a diameter for the sphere of fixed stars of 10! stadia; in modern units, this equates
to ~ 2 x 10 km, or ~ 120,000 Astronomical Units.

The measurement of distances improved in accuracy with the work of Hipparchus
of Nicaea (c. 190 - 120 BCE), who created the first star catalogue. He also expanded
on the work of Aristarchus to derive the distance to the Moon using a solar eclipse.
Using an eclipse that was total in Syene and partial in Alexandria, and assuming
that the parallax of the Sun was negligible in comparison to that of the much closer
Moon, he was able to derive an Earth-Moon distance remarkably consistent with
modern values. The distance to the Sun is more difficult to calculate, as with
the naked eye it has no observable parallax. The original work has not survived,
but [Toomer (1974) suggests that Hipparchus assumed an upper limit of 7’ for the
parallax of the Sun to derive a lower limit on its distance of 490 R,.

Two centuries later, Ptolemy used another method for determining the lunar
parallax. As an observer at a fixed position on the Earth’s surface rotates around

its centre (or equivalently in a geostationary model, the Moon and fixed stars rotate
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around the Earth), the apparent position of the Moon changes with respect to the
fixed stars. As the Moon is the closest body to the Earth, its parallax is large -
~ 1° - and so was measurable without a telescope. The resulting distance to the
Moon was 33 - 64 Earth radii, Rg (compared to the modern mean value of 60 Rg,).
The distance to the Sun was derived geometrically using a combination of solar and
lunar eclipses, and at 1,160 — 1,260 R was again a vast underestimate (Carman,
2009).

Ptolemy, like Hipparchus before him, favoured a geostatic, geostationary Uni-
verse in which the Earth is embedded in a series of concentric spheres carrying the
Moon, Sun and other planets in circular orbits. In common with the preceding
models, the outer edge of the Ptolemaic Universe was a fixed sphere upon whose
surface were embedded the stars. Ptolemy firmly rejected the notion of a heliocentric

Universe:

“Certain people, [propounding] what they consider a more persuasive
view... supposed the heavens to remain motionless, and the Earth to
revolve from west to east about the same axis [as the heavens]... How-
ever, they do not realise that, although there is perhaps nothing in the
celestial phenomena that would count against that hypothesis, at least
from simpler considerations, nevertheless from what would occur here on
Earth and in the air, one can see that such a notion is quite ridiculous.”

(as quoted by [Toomer, G. J., [1998)

A portion of the objection to heliocentrism was that it contradicted religious

doctrine; Plutarch relates in his On the face which appears in the orb of the Moon
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that “Cleanthes used to think that the Greeks should have had served [the writ
of heresy| upon Aristarchus of Samos, for shifting the hearth of the Universe” (as
quoted by [Prickard, 1911)). Nonetheless, the overriding objection of astronomers such
as Hipparchus and Ptolemy to the notion of a heliocentric Universe was scientific.
Heliocentrism required by definition that the Earth be subject to two rapid rotations;
one about its axis and another around the Sun. It seemed unthinkable that these
movements would not be physically apparent. Furthermore, the lack of observable
parallax in the fixed stars even when observed at six monthly intervals (i.e. when the
Earth has moved its maximum distance around the Sun, known as ‘annual parallax’)
implied that the stars were unreasonably distant, even based on the underestimate
of the Earth-Sun distance.

Thus, the adoption of a geocentric Universe made sense scientifically at the
time. Indeed, we shall see that scientists throughout history have struggled with
the enormity of the Universe, and that the error of rejecting a hypothesis on the
grounds that it rendered the Universe unreasonably large would continue to be
repeated by astronomers almost two millennia later.

The overwhelming success of the Ptolemaic model, published in the Almagest
in the second century AD, was that it was able to accurately predict the future
positions of the planets. To do this, he had the Sun orbit the Earth in a circle
almost (but not precisely) centred on the Earth, while the motion of the planets
was a combination of a large eccentric circle called a ‘deferent’ and a smaller circle,
called an ‘epicycle,” whose centre moves along the deferent. The Ptolemaic model

was remarkably successful, predicting the future positions of the planets to within
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an accuracy of 8 perfectly sufficient for naked-eye observations (Fitzpatrick, 2010).

Ptolemy even attempted the first calculation of the distances to the planets, in
his Planetary Hypotheses. The basis of his argument was that the planetary spheres
nest inside one another with no gaps in between them, “for it is not conceivable that
there be in Nature a vacuum, or any meaningless and useless thing” (translation by
Goldstein, 1967). With the derived distances to the Moon and Sun - and assuming
that only Mercury and Venus lay closer than the Sun - he used the ratios of the
minimum and maximum distances of each planet to construct a series of nested
spheres such that the maximum distance of one body was equal to the minimum
distance of the next one. This resulted in a distance to the fixed sphere of stars of
20,000 Rg; we now know this to be less than the distance to the Sun.

Although much derided by modern astronomers for its supposed complexity,
Ptolemy’s Almagest remained the definitive work on astronomy for around 1,500
years, making it arguably the most successful cosmological model in history.

One of the biggest problems with the Ptolemaic model was the orbits of Venus
and Mercury. It was known from FEuclid’s work on geometry, Optics, that the
further away a planet was, the longer it would take to complete one period, under
the assumption that all of the planetary spheres rotated at the same speed. This was
the basis for the order of the planets chosen by Ptolemy, but it caused a problem for
Mercury and Venus, both of which appeared to have periods of one year. Ptolemy’s
reason for placing them closer than the Sun was purely to fill in the large gap
between the maximum distance of the Moon and the least distance of the Sun,

under the nested spheres principle. In the fifth century AD, Martianus Capella
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noted that Mercury and Venus remain within 22° and 46° of the Sun respectively,
and thus suggested that they in fact orbited the Sun (Eastwood, 2001). This model
of the Universe remained geocentric, but the Earth was no longer the only centre of
rotation; Mercury and Venus orbited the Sun, which in turn carried them about the
Earth. The three known supra-solar planets - Mars, Jupiter and Saturn - retained
the Earth as their centre of motion.

The problem of the orbits of Mercury and Venus led Copernicus (1473-1543) to
take this notion a step further. He found that the only way to order the planets such
that they obeyed a distance-period relation was to return to a heliocentric model
(Goldstein, 2002). Copernicus is believed to have first presented his heliocentric
model before 1514, in his Commentariolus. However, knowing his theory would
be controversial, he delayed publication of his full work, De revolutionibus orbium
coelestium (On the Revolutions of the Heavenly Spheres) until his death in 1543.

There is evidence that De revolutionibus was widely read by contemporary as-
tronomers (Gingerich, 2004), but it was not immediately accepted by the scientific
community. Besides the solution to the distance-period problem, the Copernican
model offered only one notable improvement over geocentrism: by this time, the
Ptolemaic model had been modified to introduce non-uniform motion in the form
of ‘equants,” which Copernicus was able to eliminate. Otherwise, it was not ob-
vious that heliocentrism offered an improvement over the the geocentric model of
Ptolemy: Copernicus still required epicycles (called ‘epicyclets’ to distinguish them
from Ptolemaic epicycles) in order to maintain his principle that all motion should

be uniform and circular, and he was not able to predict the motions of planets any
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more accurately than the Ptolemaic system.

Nonetheless, the Danish astronomer Tycho Brahe (1546 - 1601) admired Coper-
nicus, hailing him a “second Ptolemy,” and praising his elimination of the equant
(Blair, 1990). However, he objected to the Earth’s motion in the Copernican model
on two points: firstly, that the Earth should move and yet its motion be unde-
tectable, and secondly that its motion should not cause any measurable parallax in
the fixed stars. The brightest stars were observed to have diameters of up to 3’, and
this was not understood at the time to be an effect of atmospheric distortion. For
an object with such a large observed size to be sufficiently distant that no parallax
was observable would require that its intrinsic size be greater than the size of the
Earth-Sun orbit. This was considered unphysical. As a secondary objection to the
implications of the Earth’s movement, he raised the “unquestionable authority of
the holy scriptures” (Blair, 1990), which held the Earth to be stationary.

Tycho Brahe was deeply critical of Copernicus’ skills as an observer, and em-
barked upon an ambitious new project to ‘restore’ astronomy by obtaining new,
more accurate measurements and fitting to them a hypothesis of his own devising.
He was granted by King Frederick II of Denmark the island Hven in Oresund and
funding for a new observatory, where he made new, more accurate measurements of
almost all the observable celestial bodies.

His new model was published as De mundi aetherei recentioribus phaenomenis
liber secundis in 1588. It was a geo-heliocentric model, essentially an expansion
of the theory of Capella, in which the stationary Earth was orbited by the Moon

and the Sun, and the five planets (Mercury, Venus, Mars, Jupiter and Saturn)
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orbited the Sun. In this way, the Tychonic model was mathematically equivalent to
the Copernican model, with the exception that it eliminated the perceived problems
introduced by the movement of the Earth (see|Graney (2012) for a complete analysis
of the weight of evidence in favour of the Tychonic model).

The real revolution in favour of a heliocentric model was brought about by Jo-
hannes Kepler (1571 - 1630). The difference in Kepler’s approach was that he sought
a physical explanation for the motion of the celestial bodies (Stephenson, 1987). He
disliked the notion of epicycles on the basis that they had no centre to their mo-
tion; thus, even decades before Newton’s theory of gravity, Kepler knew that there
had to be some body providing the force which drove the motions of the celestial
bodies (Kokowski, 2006). On this basis, he sought a modification to the Coperni-
can hypothesis that would place the Sun at the centre of the planets’ motion (the
Sun itself was slightly offset from the centre of the Copernican model, a result of
requiring that the orbits were perfect circles). He needed an accurate measurement
of the eccentricity of the orbit of Mars, and so went to work with Tycho Brahe,
who had the most sophisticated equipment available. In his Astronomia Nova (New

Astronomy; 1609), Kepler says:

“God’s goodness has granted us such a diligent observer in Tycho Brahe
that his observations convicted the Ptolemaic calculation of an error of
8 of arc. It is therefore right that we should with a grateful mind make

use of this gift to find the true celestial motions.”

With the benefit of Brahe’s observations, Kepler was able to determine that

the force governing the motion of the planets fell in proportion to the square of
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the distance. With detailed examination of the orbit of Mars, he determined that
the orbits were not circular, but rather elliptical in nature (Gingerich, [1972). This
modification to the Copernican model finally produced a heliocentric model which
was more accurate than the geocentric model.

Kepler is now best remembered for his three laws of planetary motion:

1. The orbit of every planet is an ellipse with the Sun at one of the two foci.

2. A line joining a planet and the Sun sweeps out equal areas during equal inter-

vals of time.

3. The square of the orbital period of a planet is proportional to the cube of the

semi-major axis of its orbit.

The first two of these laws were published in the Astronomia Nova; the third
was added in 1619 in Harmonicus Mundi (Harmony of the World). These three
laws follow naturally from Newton’s law of universal gravitation, which would be
published in 1687, with the assumption that the planets’ masses are negligible com-
pared to the mass of the Sun. It is remarkable that Kepler arrived at such precise
descriptions of planetary motion without knowledge of universal gravitation, and he
has accordingly been referred to as “the first astrophysicist” (Gingerich, [1972).

Until the sixteenth century, astronomy had been concerned solely with the Solar
System. One thing all of the models of the Universe had in common was that the
stars were fixed at a single distance upon one sphere, and the Aristotelian view was
that they were eternal and immutable. This view was challenged in 1572 when a

new star appeared in the constellation of Cassiopeia. Tycho Brahe attempted to
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measure the movement of this new star - now known to have been a supernova,
known as Tycho’s Supernova or SN 1572 - but was unable to determine any motion
with respect to the background stars. This meant the nova had to lie beyond the
planetary spheres, and thus the heavens could not be immutable (Gingerich, 2005).

The same supernova was observed in England by Thomas Digges, a Member of
Parliament. At the time, no one knew what the supernova was, and it was referred
to only as ‘the Phenomenon.” Digges, who like Brahe attempted without success to
measure its parallax, was convinced that it was “a new starre in the eyghte sphere”
(the fixed sphere of stars; [Pumfrey, 2011).

Digges favoured the Copernican model, but took it one step further. Since the
rotation of the Earth no longer required the stars to maintain a rapid twenty-four
hour period of rotation, there was no longer any reason to suppose that they were
positioned on a fixed sphere. He published A Perfit Description of the Caelestiall
Orbes according to the most aunciente doctrine of the Pythagoreans, latelye revived
by Copernicus and by Geometricall Demonstrations approved in 1576, the first trans-
lation of Copernicus’ work into English, and added to it his own modification in
which the stars extended outwards to infinity (see Figure [L.]).

Digges was the son of mathematician Leonard Digges, who is believed to have
invented the first reflecting telescope (Ronan, [1991). It has been suggested that it
was his observations with telescopes, revealing faint stars that were invisible to the
naked eye, that may have convinced him that the stars were scattered to infinity

(Sawyer Hogg, 1952). In A Perfit Description of the Caelestiall Orbes, he wrote:

“...that fixed Orbe garnished with lightes innumerable and reachinge vp
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s A perfitdelcription of the Coeeleftiall Orbes,
a:cam’mg to the moift auncient dotirine of the
Pythagoreans,ege.

Figure 1.1. The Universe according to Thomas Digges, reproduced from his A Per-
fit Description of the Caelestiall Orbes according to the most aunciente doctrine of the
Pythagoreans, latelye revived by Copernicus and by Geometricall Demonstrations approved,
published in 1576. Digges modified the Copernican model so that instead of lying on a

fixed sphere, the stars extended to infinity.



1.3. The stars 13

in Sphcericall altitude without ende. Of whiche lightes Celestiall it is to
bee thoughte that we onely behoulde such as are in the inferioure partes
of the same Orbe, and as they are hygher, so seeme they of lesse and
lesser quantity, euen tyll our sighte beinge not able farder to reache or
conceyue, the greatest part rest by reason of their wonderfull distance

inuisible vnto vs.” (as quoted by lJohnson et all, [1934)

Digges therefore not only posited an infinite Universe for the first time, but

foresaw the wealth of discoveries that would be made in the age of the telescope.

1.3 The stars

One thing that all of the competing cosmological models of the sixteenth century
had in common was that the stars - whether finite or otherwise - were fundamentally
different from anything in the Solar System. This notion was challenged by Giodarno
Bruno (1548 - 1600), who suggested for the first time an infinite and homogeneous
Universe in which the stars were distant Suns, each orbited by their own system of
planets and comets. It follows that in an infinite Universe, there can be no centre
and no absolute position (Boulting, 1972).

Bruno was burned at the stake for heresy in 1600, but his work was communi-
cated to Johannes Kepler by Imperial Counsellor Wackher von Wackenfels (Granada,
2008). In De stella nova, Kepler’s work on the 1604 supernova, he dismisses Bruno’s
conclusion as “madness.” Nonetheless, the discovery by Galileo of four moons orbit-
ing Jupiter in 1610 initially caused Kepler some alarm, for, as he wrote in his reply

to Galileo’s announcement (translation from [Rosen, 1965):
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“if four planets have hitherto been concealed up there, what stops us
from believing that countless others will be hereafter discovered in the
same region, now that this start has been made? Therefore, either this
world is itself infinite, ...or...there is an infinite number of other worlds

(or earths, as Bruno puts it) similar to ours.”

It transpired that the discoveries of Galileo did not confirm Bruno’s theory, for

they orbited a planet rather than a star. Relieved, Kepler wrote:

“I rejoice that I am to some extent restored to life by your work... by
reporting that these four planets revolve, not around one of the fixed
stars, but around the planet Jupiter, you have for the present freed me
from the great fear that gripped me as soon as I heard about your book

from my opponent’s triumphal shout.” (ibid.)

Thus, Bruno’s hypothesis remained in need of confirmation:

“In the first place, suppose that each and every fixed star is a sun. No
moons have yet been seen revolving around them. Hence this will remain
an open question until this phenomenon too is detected by someone

equipped for marvellous refined observations.” (ibid.)

Such “marvellous refined observations” have in fact only become possible in
recent decades, and so Kepler remained unconvinced of Bruno’s view of the Universe.
Bruno did have his supporters, though; most notably, Christiaan Huygens (Granada,
2008) and Isaac Newton, who in an incomplete and unpublished paper On the Sun

and Fizt Starrs wrote:
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“The Universe consists of three sorts of great bodies, Fixed Stars, Plan-
ets, and Comets... The fixt Stars are very great round bodies shining
strongly with their own heat and scattered at very great distances from
one another throughout the whole heavens... Our Sun is one of ye fixt
Stars and every fixt Star is a Sun in its proper region. For could we
be removed as far from ye Sun as we are from ye fixt stars, the Sun by
reason of its great distance would appear like one of ye fixt stars. And
could we approach as neare to any of ye fixt Stars as we are to ye Sun,
that Star by reason of its nearness would appear like our Sun... For ye
milky way being viewed through a good Telescope appears very full of
very small fixt stars and is nothing else then ye confused light of these
stars. And so ye fixt clouds and cloudy stars are nothing else then heaps
of stars so small and close together that without a Telescope they are
not seen apart, but appear blended together like a cloud” (as quoted by

Hall & Hall, [1978).

The nature of the Milky Way as the combined light of many distant stars may
have been settled, but as telescope technology improved over the next century, a

new class of nebulous object began to cause controversy.
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1.4 Measuring the Universe

The existence of nebulae had been known for centuries: the Persian astronomer
Abd al-Rahman al-Sufi noted the “little cloud” that became known as Andromeda
as early as 964 AD (Jones, [1991)).

In 1750, Thomas Wright of Durham published An Original Theory or New Hy-
pothesis of the Universe, in which he postulated that there may exist many stellar
systems like the Milky Way. This idea was, he noted, “made evident by the many
cloudy spots, just perceivable by us, as far without starry regions in which through
visibly luminous spaces, no one star or particular constituent can possibly be dis-
tinguished; those in all likelihood may be external Creations, bordering upon the
known one, too remote for us to reach” (as quoted by (Gushee, 1941).

As Wright was an amateur astronomer, his work received little attention from
contemporary scientists. However, it did come to the attention of the German
philosopher Immanuel Kant, who has been credited as the originator of the “island
universe” theory of the nebulae (Kant, [1755).

The most well-known catalogue of nebulae was compiled by Messier (1781) as a
by-product of his search for comets, but the first dedicated catalogue, consisting of
a thousand nebulous objects, was compiled by [Herschel (1786).

Another idea with which Wright has been credited is that the Milky Way consists
of a flat disc of stars. (Gushee (1941) disagrees with this reading of Wright’s original
text, but this meaning was clearly inferred by [Kant (1755), who attributed the
origin of the idea to him, and took it further to suggest that the flattening was due

to rotation.
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Figure 1.2. Herschel’s diagram of the Milky Way, illustrating its disc-like structure, from

Herschel (1785)

Observational confirmation of this theory came from William Herschel (1738-
1822) and his sister Caroline (1750-1848), who used reflecting telescopes instead of
the traditional refracting lenses. These were easier to manufacture in larger sizes and
thus could collect more light, allowing the study of fainter objects. One of Herschel’s
projects was to measure the positions and distances of stars. They did this using the
assumption that all stars are of equal intrinsic brightness, and therefore that their
different magnitudes are due to their varying distances. Although we now know this
assumption to be incorrect, it was sufficiently accurate on average for Herschel to
determine that the Milky Way consists of a disc of stars, as illustrated in Figure

Another of Herschel’s major projects was the nature of the nebulae, defined then
as any extended object. He initially believed that all nebulae consisted of unresolved
stars, similar to the Milky Way, even remarking that “an extended nebular... cannot

be otherwise than of a wonderful magnitude, and may well outvie our milky-way in

grandeur” (Herschel, [1785).

Yet, as he studied the nebulae further, Herschel eventually came to change his

mind. [Herschel (1791) puts forward two theories regarding the nature of the nebulae:

either they were collections of stars at a vast distance, or they were a single star

embedded in “a shining fluid, of a nature totally unknown to us.” He concluded:
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“I can adopt no other sentiment than the latter, since the probability is
certainly not for the existence of so enormous a body as would be required
to shine like a star of the 8th magnitude, at a distance sufficiently great
to cause a vast system of stars to put on the appearance of a very diluted,

milky nebulosity.”

Thus, it was once again unwillingness to conceive of an unreasonably vast Uni-
verse that informed scientific theory.

Another suggestion for the nature of the nebulae was put forward by Pierre-
Simon Laplace, who thought they supported his nebular hypothesis for the formation
of the Solar System. Laplace believed that the central bright regions of the nebulae
were stars, around which a cloud of gas was forming into an infant solar system
(Nichol, 1846).

The study of the nebulae was transformed again when an even larger telescope
than those of Hershel was built by William Parsons, Third Earl of Rosse, in the
1840s. The ‘Leviathan of Parsonstown’ was a reflecting telescope with a 1.8m aper-
ture, and it enabled Lord Rosse to study the nebulae with unprecedented sensitivity
and resolution. An indication of the achievement of Rosse’s telescope can be seen
from the comparison in Figure [L.3] of his first drawing of M51, made in 1845, with
a modern image from the Hubble Space Telescope in 2005.

Lord Rosse’s observations of M51 revealed for the first time that it had a spiral

structure. The observations were eloquently described by [Nichol (1846):

“...although in one sense nothing can be more memorable than the con-

version of these dim streaks of light into burning and rolling orbs, even
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Figure 1.3. Upper: Lord Rosse’s first drawing of M51, made in 1845. Lower: The view of
M51 from the Hubble Space Telescope in 2005 (Credit: NASA). The similarity between the

two demonstrates the unprecedented resolving power of Lord Rosse’s Leviathan telescope.
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a feat so grand and triumphant, in regard of the science and art of Man,
has an attraction infinitely less than the transforming of a shape appar-
ently simple, into one so strange and complex that there is nothing to
which we can liken it, save a scroll gradually unwinding, or the evolutions
of a gigantic shelll How passing marvellous is this Universe! And un-
questionably that form would seen stranger still, if, rising farther above
the imperfections of human knowledge, we could see it as it really is —
if, plunging into its bosom and penetrating to its farther boundaries,
we could develop the structure of its still obscure nebulosities, which

‘77

doubtless are streams and masses of gorgeous related Stars

Nichol, who said of himself that “for his sagacity any more than for his daring,
no speculation was too high” even goes on to suggest that these galaxies could be

subject to some evolution:

“bearing them onward from the condition of collections of stars com-
paratively sparse, to ripened spheres whose centres approach towards an
uninterrupted blaze of light. The elevation to which this idea leads us is,
indeed, far aloft from the usual haunts of human thought: and yet why
not the empire of Mutability, even over those dread Infinitudes, as well

as among the mere shows and transiencies of Earth?”

Thus, though the idea seemed highly speculative at the time, Nichol foresaw the
science of galaxy evolution. Yet despite his exuberance, there was no evidence that
the spiral nebulae were extragalactic in nature, as there was no known method of

measuring the distance to them.
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In the 1830s, there was a race between astronomers to be the first to measure a
stellar parallax. The race was won by Bessel (1838), who measured the parallax of
61 Cygni as 07.3136, implying a distance of 10.4 light years, a difference of < 10%
from the present-day value of 11.41 light years.

Within weeks, two further parallax measurements were published: Friedrich von
Struve measured a parallax of 0.2619” for Vega (revised upwards from an initial esti-
mate of 07.129, which was within 3% of the current value), and Thomas Henderson,
working from the Cape of Good Hope Observatory in South Africa, measured 1.26”
for Alpha Centauri (Webh, 1999).

These measurements were possible because they targeted our closest stars, i.e.
those with the largest parallax. Even so, the measurements implied distances of
hundreds of thousands of times the Earth-Sun distance (by definition, 1 Astronom-
ical Unit (AU)). The more distant stars, and the spiral nebulae, were beyond the
reach of the parallax measurement, and so the question of their distances would
remain unanswered until a new development in the twentieth century.

In 1893, Henrietta Leavitt came to work at the Harvard College Observatory,
initially as an unpaid volunteer, and later as a “computer,” employed to make
measurements from photographic plates. One of Leavitt’s tasks was to measure the
brightness of variable stars in the Magellanic Clouds.

The stars Leavitt was measuring were known as Cepheid variables, discovered by
John Goodricke in 1784 and named after the star Delta Cephei. They are a class of
giant yellow stars whose luminosity oscillates in a regular manner. Their variability

is now understood to be due to the ionisation of their atmospheres. As the stars
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Figure 1.4. The left-hand figure shows the magnitudes at maxima and minima against
the period in days, resulting in two smooth curves. In the right-hand figure, the magnitudes

are plotted against the logarithm of the period (Leavitt & Pickering, [1912)

radiate energy, some of the singly ionised Helium, Hell, becomes doubly ionised
to Hertr1, causing the atmosphere to become more opaque. This in turn decreases
the amount of energy leaving the star and heats up the atmosphere, causing it to
expand and increasing the star’s luminosity. As the gas expands, it cools and the
Herir converts back to Hell. The resulting decrease in opacity of the atmosphere
causes the atmosphere to shrink again, and the luminosity to decrease.

While compiling her catalogue, Leavitt noticed that there was a correlation be-
tween the peak brightness of Cepheid variables and their period, noting that those
with longer periods tended to be brighter (Leavitt), 1908). When measurements of
further stars yielded the same result, she was able to quantify the relation, noting
that “the logarithm of the period increases by about 0.48 for each increase of one
magnitude in brightness” (Leavitt & Pickering, 1912, see Figure [LL4)).

Since the stars being observed were all in the Magellanic Clouds and therefore at

roughly the same distance from Earth, she concluded that the periods were related
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to their absolute magnitudes. This was a crucial discovery, for if Leavitt’s relation
could be calibrated, she had discovered a ‘standard candle’; an object of known
absolute magnitude whose apparent magnitude can thus be used to determine its
distance.

Commenting on the significance of her results, [Leavitt & Pickering (1912) said,
“It is to be hoped...that the parallaxes of some variables of this type may be mea-
sured.” This problem was first addressed by [Hertzsprung (1913), who carried out
a statistical parallax analysis of thirteen known Cepheids using Leavitt’s slope. He
was thus able to arrive at the first relation between absolute magnitude and period,
providing the first calibration of the period-luminosity relation and thus the first

estimate of an extragalactic distance.

1.5 Island Universes

With a method of measuring distances beyond the reach of stellar parallax now
available, the question of the nature of the spiral nebulae could be addressed. In the
early decades of the twentieth century, there were two leading theories: either the
spiral nebulae were contained within the Galaxy, or they were “island universes,”
similar in size to the entirety of the Milky Way but so far removed in distance as to
appear nebulous.

The first step in resolving this dichotomy was to establish a physical scale for
the Milky Way system. [Shapley (1919) used Leavitt’s period-luminosity relation to
calculate the distance to globular clusters, and from their distributions inferred the

shape and size of the Milky Way. For the first time, he placed the Sun outside the
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centre of the Milky Way, which he estimated to be 100,000 pc in diameter. This
overstates the current accepted value by a factor of ~ 3, but was 100x greater than
previous estimates. [Shapley believed that the increased size of the Milky Way was

evidence that the spiral nebulae had to be contained inside it:

“so long as the diameter of the galactic system was thought to be only
a thousand light-years or so, we had a fairly plausible case for the “is-
land universe” hypothesis. But... any external “universe” must now
be compared with a galactic system probably more than three hundred

thousand light-years in diameter” (Shapley, 1919).

Shapley was so convinced by this evidence that he argued the case for the Milky
Way as the entire Universe at the Great Debate of 1920, held at the Smithsonian
Museum of Natural History. He argued that if spiral nebulae were separate galaxies,
they would have to be located at vast distances, far greater than astronomers of the
time were willing to accept. He contended that these spirals did not even consist of
stars, but were nebulous objects.

On the other side of the debate was Heber D. Curtis of Lick Observatory, who
had spent nearly a decade photographing nebulae and was an active proponent of the
“island universe” theory. He argued that Shapley had overestimated the size of the
Milky Way by a factor of ten, and that spiral nebulae were separate galaxies much
like our own. Furthermore, it had been suggested that our own galaxy had spiral
structure and Curtis concluded that this was “not improbable” (Hoskin, 1976).

Also presented in favour of the “island universe” hypothesis was the fact that

the spiral nebulae appeared unlike any Galactic object in distribution and dynamics.
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The nebulae were preferentially found outside the plane of the Milky Way, in contrast
to the stars. Even more troubling, [Slipher (1917) had taken spectra of 25 of them
in order to measure their radial velocities and found they all but four were receding,
and at unprecedented velocities; an average of 570 kms~!. Nonetheless, Shapley &
Shapley (1919) insisted that this was not inconsistent with their being part of the
Galaxy, though he had to invoke some new repulsive force acting exclusively upon
the nebulae.

Although hyped as a “Great Debate,” there were no conclusions reached at the
Smithsonian, for there was no method known to calculate the distance to Andromeda
or any other spiral nebula.

The debate continued in correspondence between the two astronomers, but was
not settled until 1925 when Edwin Hubble discovered “definite evidence of actual
stars involved in spirals,” including many variables with the characteristic light-
curves of Cepheids. From this, he was able to determine a distance to Andromeda
of 285 kpc (Hubble, 1925). With modern measurements, this is now believed to have
been a vast underestimate, with the true distance around 785kpc (McConnachie
et al., 2005). Nonetheless, Hubble’s measurement was far larger than any estimate
of the size of the Milky Way. It was thus sufficient to confirm Andromeda as a
galaxy separate to our own, and thus revolutionised our view of the scale of our

Universe.
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Figure 1.5. The relation between distance and radial velocity (Hubbld, 1929).
1.6 The Big Bang

Things would change again by the end of the decade, as Hubble combined new
distance measurements with Slipher’s radial velocities. At the time, radial velocities
were available for 46 galaxies but distances for only 24. Nonetheless, [Hubble (1929)
was able to determine a remarkable linear correlation between the two (see Figure
LH).

The constant of proportionality became known as the Hubble constant, H, where
Hy denotes its current value. [Hubble’s (1929) results gave Hy = 500 kms™! Mpc™!,
which is significantly higher than its currently accepted value. However, although
the value of Hy has been under near-constant revision in the intervening decades,
the linear relationship discovered by Hubble remains intact and is now known as
Hubble’s Law.

This relationship provided the first observational evidence that the Universe
was expanding, and therefore that it must have been much smaller in the past,

possibly originating in a single point. Hubble himself, however, never commented
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on the remarkable nature of his discovery or its implications; indeed, he favoured
a model in which no expansion existed, and maintained that the observed redshifts
represented “a hitherto unrecognised principle of nature” (Sandagé, 1989).

Despite Hubble’s own misgivings, his work remains accepted as evidence of the
expansion of the Universe, and an accurate determination of Hy became one of the
primary goals of cosmology.

From Hubble’s estimate of Hy = 500kms~! Mpc~!, increasingly accurate mea-
sures of distance and recognition of bias in luminosity measurements led to ever-
decreasing values of Hy. By 1962, four independent methods placed Hj in the range
75 — 125 kms~! Mpc™! (Sandage, 1962).

Work to pin down H, began in earnest from about 1975, and various methods
placed the value between 50 and 100, but preferentially towards the two extremes.
This dichotomy resulted in a long, drawn-out disagreement between Allan Sandage,
who thought the value was close to 50 (e.g. Sandage, [1999) and Gérard de Vau-
couleurs who claimed a value of around 100 (e.g. lde Vaucouleurs, 1972). This dis-
pute culminated in a debate between Gustav Tammann and Sidney van den Bergh
in 1996, reminiscent of the 1920 Great Debate between Shapley and Curtis.

The need to resolve this rift and determine H accurately was one of the prime
motivations behind the building of the Hubble Space Telescope (HST). The HST
offered numerous advantages over ground-based telescopes; its high image quality
allowed Cepheids to be observed at much greater distances than were possible before,
and without the effects of atmospheric seeing. With HST, Cepheids were found to

calibrate Type la Supernovae (another distance indicator discussed in detail later
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in this section) for the first time, allowing the distance scale to be calibrated more
accurately than had been possible before.

Utilising Cepheid variables and a number of secondary distance indicators, in-
cluding Type la Supernovae, the HST Key Project found a value of Hy = 72 +
8kms~! Mpc™! (Freedman et all, [2001). This value has since been slightly reduced
by the Planck mission to Hy = 67 + 1.2kms~! Mpc™! (Planck Collaboration et al.,
2013a).

The 1920s began with a debate over whether the Milky Way constituted the
entire Universe, and ended with the discovery that not only was the Universe far
larger than even the most ambitious had imagined, but it was getting larger all the
time. Yet the idea that it had originated in a single point - or indeed had an origin
at all - did not immediately gain universal acceptance.

Sir James Jeans (1928) proposed a ‘steady state’ theory, based on the idea of
a ‘perfect’ cosmological principle; that the Universe should be homogeneous and
isotropic not only in space, but also in time. The discovery of the expansion of
the Universe presented a difficulty for this theory, requiring that matter be sponta-
neously created so as to maintain a constant density as space expanded. Nonethe-
less, this was seen as a lesser problem than the instantaneous creation of the entire

Universe at some point in the past. AsHoyle (1948) put it:

“...through continuous creation of matter it might be possible to obtain
an expanding universe in which the proper density of matter remained
constant. This possibility [seems] attractive, especially when taken in

conjunction with aesthetic objections to the creation of the universe in



1.6. The Big Bang 29

the remote past. For it is against the spirit of scientific enquiry to regard
observable effects as arising from “causes unknown to science,” and this

in principle is what creation-in-the-past implies.”

To differentiate between the two competing theories, some observational differ-
ence was needed. (Gamow (1954) pointed out that that in a steady-state Universe,
galaxies should not age on average, and so the probability that our closest large
galaxy, Andromeda, would be of a similar age to the Milky Way was very low. In
response, [Hoyle & Narlikar (1962) objected that uncertainties in age determination
were high, and there was as yet no theory concerning the structural evolution of
galaxies from one morphological type to another.

The crucial factor would prove to be the prediction of |Alpher et al. (1948) that
a Big Bang Universe would have a blackbody background radiation, a remnant of
the ‘surface of last scattering,” or the point at which the early Universe became
transparent. They predicted that the expansion of the Universe would have cooled
this background radiation to 50 K, a figure that was later revised to ~ 5 K by Alpher
& Herman (1948). Several groups began searching for this background radiation,
which would provide a ‘smoking gun’ confirming the Big Bang hypothesis.

Arguably, the Cosmic Microwave Background (CMB) had already been discov-
ered; McKellar (1941) reported that the excitation of CN emission lines in the in-
terstellar medium implied a background temperature of 2.3 K. However, this result
went unnoticed. The result that came to the attention of the scientific community
and became accepted as the discovery of the CMB came not from any of the groups

dedicated to searching for it, but from Bell Labs in New Jersey, where Arno Pen-
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zias and Robert Wilson were experimenting with a sensitive 6-metre horn antenna
designed to detect faint radio signals from communications satellites. In order to
increase the sensitivity sufficiently to detect such faint signals, they measured and
eliminated any possible sources of interference. Nonetheless, a faint, steady signal
persisted, invariant in time and spread evenly across the sky. Since there was no
change in the signal in the directions of the Sun or the Galactic centre, they con-
cluded that the origin had to be extragalactic in nature. They had unwittingly
discovered the sought-after remnant of the Big Bang. The results were published
simultaneously by [Penzias & Wilson (1965), giving the observational results, and
Dicke et al. (1965) giving the theoretical background. The accidental nature of the
discovery notwithstanding, Penzias and Wilson were awarded the 1978 Nobel Prize

for Physics for their work.

1.7 The development of ACDM

The discovery of the CMB presented a problem for theories of the formation of
galaxies, however. The prevailing theory for structure formation was that the early
Universe consisted of a photon-baryon fluid, which would be compressed as it clumps
together under gravity into overdense regions that arise due to random fluctuations.
As the fluid condensed, its pressure would increase, counteracting the force of gravity
until the fluid is forced apart. It would then expand until the pressure decreased
sufficiently for gravity to dominate once more, and this process repeated until the
Universe became transparent to photons, forming the surface of last scattering that

is observed as the CMB. Different regions of the CMB should therefore have different
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temperatures depending on where in this cycle different parts of the Universe were
at the time the photons decoupled, and these fluctuations are measures of the initial
density perturbations that went on to form large scale structure in the Universe.

The problem was that baryonic matter only becomes electrically neutral at the
epoch of recombination. Prior to this, electrostatic forces oppose gravity, and so
baryonic matter only condenses efficiently after recombination. The CMB as mea-
sured by Penzias and Wilson and numerous successive ground-based experiments
was uniform across the sky to within the measurement sensitivity. These low upper
limits on the initial density perturbations were a concern, as they were so small that
structures of the form observed would not have had time to form (e.g. Partridge,
1980).

One possible solution to this problem is to invoke a form of electrically neutral
matter that could begin the process of structure formation before recombination.
The idea that there was a significant amount of matter in the Universe that could not
be seen was not a new one. From observations of the Coma cluster, [Zwicky (1937)
noticed a discrepancy between the mass implied by the light and that derived from
the virial theorem from their velocities of two orders of magnitude. The galaxies
were moving so quickly that clusters ought to be flying apart, yet their prevalence
suggested that they were not transitory structures. Much of the analysis behind
this work was published four years previously in a German-language paper in which
Zwicky (1933) specifically attributed this discrepancy to missing mass, noting “...das
dunkle Materie in sehr viel grosserer Dichte vorhanden ist als leuchtende Materie”

(the density of dark matter is far greater than that of luminous matter), and even
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using the phrase ‘cold dark matter’ (“dunkle (kalte) Materie”), albeit not in the
modern sense.

The same result was achieved for the Virgo cluster by [Smith (1936), who posited a
vast quantity of “internebular material” within the cluster. In the Local Group, too,
Kahn & Woltjer (1959) deduced from the motions of the Milky Way and Andromeda
that there must be an “appreciable” quantity of intergalactic matter, assumed by
them to be ionised gas.

Separately, similar results were arising from the study of internal galaxy dy-
namics. Babcock (1939) measured the rotation curve of Andromeda and derived
mass-to-light ratios that increased by more than an order of magnitude from the
inner part of the galaxy to the outer regions, requiring extreme variations in dust
obscuration or “new dynamical considerations” to reduce the mass towards the outer
parts of the galaxy. [Rubin & Ford (1970) found a similar rotation curve by measur-
ing the velocities of 67 HiI regions in Andromeda, concluding that the enclosed mass
had to increase approximately linearly with radius in the outer regions. Roberts &
Whitehurst (1975) extended this out to 30 kpc using the 21cm Hydrogen line. Even
at these high radii, they found that the rotation curve in the outer parts of the
galaxy was flat, though they considered an excess of dwarf stars in the outer parts
of the galaxy sufficient to explain the extreme mass-to-light ratios.

Andromeda was by no means an isolated example; (Qortl (1940) found that “the
distribution of mass in [NGC3115] appears to bear almost no relation to that of
light.” Furthermore, following the study of rotation curves in 21 galaxies during the

1970s, Rubin et all (1980) said that “the conclusion is inescapable that non-luminous
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matter exists beyond the optical galaxy.”

A suggestion for the geometry of this unseen matter came from numerical simula-
tions. Ostriker & Peebles (1973) found that flattened disc galaxies were dynamically
unstable unless embedded in a spherical halo, citing the rotation curve observations
as evidence for the existence of sizeable quantities of dark matter. Observational
support for galaxies being embedded in spherical halos came from X-ray observa-
tions of elliptical galaxies, which found evidence for halos of dark matter similar to
those inferred for groups and clusters (Forman et all, [1985).

Both observations and theory had converged on the same idea, that most of the
matter in the Universe was dark. Yet, what is the dark matter? The dynamics of
galaxies, groups and clusters could be adequately explained by a large quantity of
dwarf stars and intergalactic gas, but the CMB observations suggested that it might
consist of another form of matter entirely, something that interacted via gravity but
only weakly via electromagnetism.

A possible solution was presented when a finite rest mass of 30eV was found
for the electron neutrino (Lyubimov et all, [1980). |Gershtein & Zel’dovich (1966)
had argued that if neutrinos had a non-zero rest mass, they would create large-scale
perturbations in the early Universe. After recombination, baryonic matter would
fall into these perturbations. This had the advantage of reducing the expected
amplitude of CMB perturbations observed in baryonic matter. |[Zel’dovich (1970)
showed that large-scale perturbations would collapse into a filamentary structure
which closely resembles the distribution of galaxies, so this provided a compelling

explanation both for the missing mass problem and for the apparent absence of
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structure in the CMB. This model became known as “Hot Dark Matter,” because
the neutrinos were relativistic when they decoupled in the early Universe.

Concerns were swiftly raised about this model, however. The measurement of
the neutrino rest mass proved to be erroneous; current estimates place the com-
bined mass of neutrinos at less than 0.23eV (Planck Collaboration et al), 2013b).
Moreover, numerical simulations showed that free streaming of relativistic parti-
cles in_the early Universe would wipe out too much small-scale structure (White
et al., [1983), and [Peebles (1982) showed that the perturbations resulting from cold
(non-relativistic) dark matter were consistent with the upper limits of observations.

One of the most important differences in the predictions of the competing models
was in the scales of perturbations in the CMB. Observations that were sensitive to
one part in 10° were required, and searching for these fluctuations was one of the
drivers of the COsmic Background Explorer (COBE) satellite, launched in 1989.
The improved sensitivity revealed anisotropies in the CMB (Smoot et al., 1992) and
resulted in the awarding of the 2006 Nobel Prize in Physics to John Mather and
George Smoot.

Cold Dark Matter became the preferred model for the evolution of structure
in the Universe, and cosmology entered a ‘precision’ era in which estimates of key
parameters could be made to increasing accuracy thanks to the improving sensitivity
of observations, as illustrated in the evolving CMB maps in Figure

The picture of the Universe remained incomplete, however. Although the Uni-
verse was known to be expanding, the history - and future - of that expansion

remained in question.
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Figure 1.6. The improving sensitivity of Cosmic Microwave Background maps. From
top to bottom: Penzias and Wilson (1965), the COsmic Background Explorer (COBE)
4-year mission (1996), the Wilkinson Microwave Anisotropy Probe 9-year data (2012) and

the first year of Planck data (2013). Image credits: NASA/ESA
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In a Universe consisting only of matter and a cosmological constant, with densi-
ties 0, and €25 respectively, it can be shown that the deceleration parameter is
Q

0 =— — (1.7.1)

The deceleration parameter was so defined because, prior to the late 1990s, it was
assumed that the Universe was matter-dominated and that gravity would be acting
to slow down the expansion. As such, ¢y was expected to be positive, and the rate
of expansion decreasing. From Equation [L7.1] it can be seen that if Q) < €,,/2,
then gy > 0 and the Universe would be decelerating, as was assumed to be the case.

The method for measuring gy comes from the luminosity distance D, defined as

the apparent brightness of an object as a function of redshift z, which is given by

~ ¢ 2 (1 —qo
DLNHO [z+z< 5 )] (1.7.2)

From Equation [L7.2] it can be seen that for small z << 1, Dy is roughly
proportional to z. As we go to higher z, however, D becomes dependent on ¢.
Measurements of gq therefore require observations of the most distant objects possi-
ble, for which distance and redshift can be independently measured. It was therefore
surmised by |Colgate (1979) and [Tammann (1979) that distant supernovae were the
best candidates.

Supernovae are the bright explosions of stars, which over a short period can
outshine an entire galaxy. As more supernovae were observed, it became apparent
that they could be divided into subsets, Type I and Type II, according to their

spectra (Baade, 1938). The Type I supernovae were later further subdivided, with
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one class - known as Type la - proving to have remarkably homogenous light curves
(Kowal, 1968).

It is now understood that this uniformity is due to their having almost identical
progenitors. When a star of less than approximately ten solar masses exhausts its
supply of hydrogen, its outer layers are ejected leaving a dense remnant known as
a white dwarf. (Chandrasekhar (1931)) showed that there is a limit to the mass that
can be supported by electron degeneracy pressure in such a star, which equates
to approximately 1.44 Mg, where M is the mass of the Sun. If the white dwarf
accretes mass above this limit, the star will explode as a Type la supernova (SN1a).
This defined mass results in consistent absolute magnitudes, with a scatter of no
more than 0.25 mag (Branch & Tammann, [1992).

Since their calibration relies on Cepheid distances, SN1a can only serve as sec-
ondary distance indicators. Nonetheless, it is believed that they are accurate to
within 8% (Perlmutter & Schmidt, 2003), making them one of the best standard
candles known so far.

While SN1a are in theory perfect standard candles, a number of factors make
them difficult to observe. Firstly, they are rare; a typical galaxy such as the Milky
Way has only a few per millennium. They are also random, and so cannot be pre-
dicted, and do not last long; the period from being unobservable to peak brightness
is only a few weeks. As such, it was almost impossible to schedule telescope time
to observe them. [Norgaard-Nielsen et al. (1989), for instance, recorded only one
Type la supernova in two years of observations, and that was weeks past its peak

brightness.



1.7. The development of ACDM 38

To overcome these problems, two independent, systematic searches for super-
novae were set up: the Supernova Cosmology Project (SCP) and the High-z Su-
pernova Search (HZSNS) Team. Both teams reported the same unexpected result:
distant supernovae were fainter than expected, which implied a negative qq, i.e. the
expansion of the Universe is accelerating (Perlmutter et all, [1999; Riess et all, [1998).

The acceleration of the Universe has been attributed to a cosmological constant,
A, which appears to comprise ~ 70% of the mass-energy density of the Universe
(Knop et all, 2003; Tonry et al., 2003). To date, there has been no definitive answer
as to what the cosmological constant might represent or why it has the value it
does, or what particles comprise the dark matter. The matter we understand, the
baryons that make up stars and galaxies, makes up only around 4% of the Universe.
Nonetheless the ACDM (A- Cold Dark Matter) model is now known as the concor-
dance model of cosmology, and it is this framework in which the work set out in this

thesis is set.



Chapter 2

Galaxies

2.1 Galaxy properties

In Section [.2] we saw how our understanding of the Universe expanded from our
local Solar System, to a galaxy of billions of solar systems, and finally to a vast
collection of billions of such galaxies.

The existence of galaxies has been understood for less than a century and so
the study of their evolution is a relatively young science, relative to astronomy as a
whole, yet its progress has been swift in an era of rapidly improving technology.

The first stage in understanding any newly-discovered object is to classify it into
subgroups, so that key properties may be highlighted and perhaps an evolutionary
sequence identified. The earliest classification systems in use were descriptive in
nature only, and identified variations in the properties of the spiral arms. One of
the clearest examples is that of [Wolf (1908) shown in Figure 2.1 which used letters
to denote the sequence from amorphous nebulae to developed spirals.

The most well-known classification is that of [Hubble (1926), who devised the
39



2.1. Galaxy properties

40

Figure 2.1.

The classification system of

'Wol

1908

), as reprinted by

Sandage et al

1975), omitting the first line which consisted of Galactic nebulae, not known at the time

to be a different class of object. In this system, letters were used to identify various types

of spirals. This was the first classification system to use a linear sequence, progressing

from featureless morphologies (d to k) to grand design spirals (7 to w).
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Figure 2.2. Hubble’s ‘tuning fork’ classification system. From left to right, ellipti-
cal galaxies were classified as EO-E7, where the number denotes their ellipticity. The
spheroidal SO galaxies are discs with no spiral arms, and at that point the diagram di-
verges with Sa-Sc on the upper branch representing spirals with tightly wound and open
spiral arms respectively. On the lower branch, the SBa-SBc classes represent the same

sequence but with a bar in place of a spheroidal bulge.

famous ‘tuning fork’ illustrated in [Hubble (1936, see Figure 2.2)), but it was not
immediately adopted. The level of detail in the Wolf system meant that it was
widely used as late as the 1940s; [Danver (1942) commented: “As to the Hubble
classes, these [appear to constitute] a division along a line of development. This is
certainly a great advantage, but if a conception of the appearance of the object is
desired, it is better to designate the types according to Wolf.”

However, the problem of an overcomplicated system was noted by [Wolf (1908),
who remarked “Es gibt kein zwei Nebelflecken am Himmel, die sich gleichen” (no
two galaxies are alike). The broader categories of Hubble’s system lent themselves
more easily to the classification of the vast majority of galaxies; for example, in the
catalogue of 338 galaxies published by |Arp (1966), only 45 could not be classified

according to the Hubble system. The tuning fork thus became the most popular
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Baldry et al

2004).

The solid red contours show the density distribution of red galaxies and blue dashed lines

the blue galaxies. The thick dash-dotted line is an empirical divider between the two dis-

tributions. The galaxy population can be broadly divided into the ‘blue cloud,” consisting

primarily of spiral galaxies, and the ‘red sequence’ composed mainly of ellipticals.

classification method, and is still widely used today. A particular advantage of

the Hubble classification scheme is that the physical properties of galaxies vary

systematically along the sequence. These properties include:

e Morphology: The most immediately apparent difference between galaxies

along the Hubble sequence is their physical shape.

Elliptical galaxies are

ellipsoidal, supported by random motions of stars, whereas spiral galaxies

are thin discs supported by rotation.

There are also combinations of the

two: most spiral galaxies have a bulge component similar in properties to an
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elliptical galaxy, and some ellipticals have discs. This can be quantified with a
bulge/disc ratio, which can be interpreted as a tracer of the galaxy’s formation

history (e.g. Baugh et all, [1996).

e Luminosity: A useful means of quantifying the statistical galaxy population
is a luminosity function, a measure of the distribution of galaxies as a function
of their luminosity. Large surveys have shown that the luminosity density of
the Universe is dominated by spirals similar to the Milky Way. Although fewer
in number, elliptical galaxies are systematically brighter (e.g. Nakamura et al,

2003).

e Size: Measurements of the size of a galaxy are difficult to make, as galaxies do
not have a clear cut-off point, and their observed sizes are subject to the depth
of the observations. A commonly used quantity (and one used in this thesis) is
the ‘half-light radius,” 712, or the radius that encompasses half the light at the
specified wavelength. Galaxy surveys have found that brighter galaxies tend
to be larger, with spiral galaxies at a given luminosity systematically larger

than ellipticals (Shen et all, 2003).

e Gas fraction: As the fuel for star formation, the fraction of a galaxy’s mass
in the form of gas is an important factor in its evolution. Generally, elliptical
galaxies are observed to have smaller gas fractions than spiral galaxies; thus,

most star formation occurs in spirals (e.g. Roberts & Haynes, 1994).

e Colour: The colour of a galaxy is broadly related to its age, as older stars

are redder in colour. However, it is also affected by metallicity - the pres-
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ence of more metals reddens the colour of a galaxy - and its dust content, as
light is absorbed by dust and re-radiated at longer wavelengths (i.e. redder
colours). The property of ‘colour’ is quantified in astronomy as the difference
in flux between two filters of differing wavelengths. Galaxy populations exhibit
a bimodal colour distribution, with elliptical galaxies appearing redder than

spirals (e.g. Baldry et all, 2004; [Blanton et al., 2003, see Figure 2.3)).

e Environment: It was noticed early on that different types of galaxies are
preferentially found in different environments: ellipticals are more common in

clusters, whereas spirals are found more often in the field (Dressler, [1980).

Even the fastest processes involved in galaxy formation take place on timescales
much longer than the human lifespan. In order to understand how galaxies evolved to
their present state, we must therefore examine the observable properties of statistical

populations and try to piece together the underlying physical processes.

2.2 Galaxy evolution

One fortuitous aspect of the expansion of the Universe is that we are able to observe
galaxies in the past, and can therefore quantify how their properties evolve with time
as well as present-day composition. As discussed in Section [I.2] Hubble’s primary
contribution to the science of extragalactic astronomy was his relation between the
distance of a galaxy and its recession velocity, which became known as ‘Hubble’s
law.” A corollary of this law is that galaxies with high recession velocities - or high

redshift - are also at the highest distances and therefore, due to the finite speed of
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light, seen the furthest in the past. By studying galaxies with high redshifts, we can
therefore see them in early stages of formation.

In the ACDM paradigm, the first structures to form in the early Universe were
dark matter halos. Gas then cooled inside these halos to form galaxies (White &
Rees, [1978). The classical picture of how galaxies acquired their morphologies was
that it depended on their rates of star formation during their initial collapse (Eggen
et al., 1962; |Struck-Marcell & Tinsley, [1978). Stars are collisionless, so if they
are formed quickly then they will maintain their initial motions as they collapse,
leading to random orbit orientations and an ellipsoidal morphology. If more of the
mass is in the gas phase then energy will be dissipated during collapse via shocks and
cooling, leading to a disc morphology supported by rotation. An appealing aspect
of this picture is that it provides a natural explanation for the morphology-density
relation, due to gas collapsing more quickly in the largest overdensities in the early
Universe, leading to faster star formation and hence more elliptical galaxies in denser
environments (Gott & Thuan, 1976).

High resolution imaging with the Hubble Space Telescope, however, revealed that
there were more spiral galaxies in the cores of clusters in the past than there are
today (Couch et all, [1998; Dressler et all, [1997). This lends support to an alter-
native picture in which gas cooling in a dark matter halo spins up as it conserves
angular momentum during collapse, and thus will always form as a rotating disc
(Fall & Efstathiou, 1980). Mergers between disc galaxies will then cause them to
lose their disc structure and create ellipticals (Toomre & Toomre, 1972). As mergers

are naturally more common in dense environments, this picture explains both the
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present-day morphology-density relation and its evolution with redshift.

The ability of improved facilities to probe further into the past has revealed
that the morphology-density relation was in place as early as z = 1, when the
Universe was just half its present age, and that the fraction of ellipsoidal galaxies
in cluster environments has increased steadily since then (Smith et al), 2005). The
early establishment of the morphology-density relation, combined with its evolution,
may suggest that a more accurate picture is a mixture of these two hypotheses:
rapid star formation in the largest overdensities in the early Universe may have set
the density-morphology relation, with subsequent evolution due to environmentally-
driven processes.

A great deal of progress in understanding the complex processes that combine
to create galaxies has been made in recent decades with semi-analytic modelling,
which applies empirical laws and scaling relations to dark matter distributions in
order to predict a range of galaxy properties at different epochs. A particularly
important result of modelling is that there must be one or more processes at work
to suppress the formation of stars. If all gas is permitted to cool within halos until
its self-gravity dominates, upon which it fragments and collapses into stars, then
the process of star formation is too efficient, resulting in far more stars than are
observed. This has resulted in the introduction of feedback due to energy injected
into the gas by supernovae or Active Galactic Nuclei (AGN; rapidly accreting black
holes). The former acts to reduce star formation at the faint end, while the later is
important in preventing star formation in the most massive galaxies (Benson et al.,

2003; Bower et all, [2006; [Croton et all, 2006).
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Figure 2.4. A compilation of measures of the star formation density history of the

Universe, from Hopkins & Beacoml (2006). Most of the star formation happened in the

first half of the Universe’s history (at z > 1), with star formation density decreasing by

an order of magnitude by z = 0.

It can therefore be seen that galaxy formation is a complex process. Nonetheless,
accumulating surveys that are deep enough to probe most of the history of the
Universe or cover a wide enough area to provide a large statistical sample, have
provided us with a picture of how galaxies have assembled over cosmic time.

Perhaps surprisingly, it appears that the majority of stars in the Universe formed

at z > 1, when the Universe was less than half its current age (Dickinson et al., [2003;

Patel et al), 2013). Furthermore, the cosmic star formation rate density seems to

have peaked at z ~ 1, and declined by an order of magnitude in the latter half of

the Universe’s history (Hopkins, 2004; [Hopkins & Beacom, 2006; [Lilly et al., [1996;

Madau et all, [1996, see Figure 2.4)).




2.2. Galaxy evolution 48

In order to understand the formation of galaxies, it is therefore important to
understand how the processes driving star formation differed in the first half of
the Universe’s history (z > 1) to the quiescent star formation seen today. The large
surveys have given us a picture of how the overall properties of galaxies have evolved
with cosmic time; the goal now is to understand the underlying processes by probing
inside the galaxies themselves to uncover where the stars are forming, and how - or
if - the process of star formation differs from that seen in local galaxies.

The subject of this thesis is therefore to study z > 1 galaxies in detail, to map
their star formation on small scales. There are, however, a number of inherent
difficulties in making detailed observations of high-redshift galaxies.

Firstly, the expansion of the Universe reduces the observed surface brightness of
distant galaxies. The expansion of space in between photons being emitted from the
target galaxy and being observed means that they are received less frequently than
they are emitted, which reduces the observed flux. In addition, they are shifted to
lower energy, which means that the same filter effectively receives a smaller portion
of the galaxy’s total energy distribution. Combined, these effects cause cosmological
surface brightness dimming oc (1 + 2)*.

The fact that photons are received at lower energies than they are emitted also
means that we observe the galaxies in a different rest-frame band. In the optical,
for instance, we observe rest-frame UV emission, which can be faint due to dust
absorption or a lack of young, hot stars. This effect, known as the k-correction,
can make high-redshift galaxies difficult to detect (although it can also work in the

opposite direction, for example in the case of submilimetre galaxies). This can also
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change the apparent morphology of a galaxy, as light is distributed differently at
different wavelengths (known as a morphological k-correction).

In addition, galaxies at high redshift are seen in an earlier phase of their evolution,
and so are intrinsically smaller than those seen locally.

The combination of these difficulties means that detailed work on high-redshift
galaxies is by necessity restricted to the most extreme objects: the largest, the most
massive and those with the highest star formation rates. The more representative
galaxies are currently beyond the reach of observational facilities.

In advance of future giant telescopes, there is a way of accessing the small and
sub-luminous galaxy population at high redshift, if they happen to lie behind massive
galaxy clusters that bend their light in such a way as to magnify them. In the
following section, we will discuss gravitational lensing and how it may be used to

achieve detailed observations of distant galaxies.
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2.3 Gravitational lensing

This thesis makes use of the effect of gravitational lensing to magnify distant galaxy
images. As we use lensing as a tool rather than studying the effect itself, a detailed
discussion of the theoretical aspects is beyond the scope of this work. However, we
discuss here some of the background and introduce the terminology that will be used
throughout the work.

The idea that the path of light should be deflected by matter has been known
since the work of Newton, though he lacked sufficient understanding of light to
formalise the concept. When |[Einstein (1916) formulated his General Theory of
Relativity, he realised that there must be an additional contribution to this deflection
due to the ‘equivalence principle,” the idea that there is no discernible difference
between gravity and acceleration. In an accelerating frame, the path of a beam
of light would appear curved; therefore, this must also be true in a gravitational
potential. The angle of deflection, @, in General Relativity, can be shown to be

(2.3.1)

=

for a photon passing a spherically symmetric mass M enclosed within the radius
of the impact parameter &. This is a factor 2x higher than that predicted under
Newtonian gravity, and initially gravitational lensing was considered interesting only
insofar as it provided a test of Einstein’s theory of General Relativity. Such a test
was conducted during the solar eclipse of May 29, 1919, when [Dyson et all (1920)

observed the predicted displacement in stars in the Hyades cluster.

The first practical use for lensing was suggested by [Zwicky (1937), who realised
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Figure 2.5. The geometry of a lensing system, defined by a source at a distance Dy
from the observer, whose light is deflected by a lens at a distance Dgs from the source
and Dy from the observer. The relation between the angular position of the source, E , the
observed angular position of the image, 5, and the deflection angle, @, is described in the

text. Figure from [Bartelmann & Schneider (2001).
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that it could be used to measure the mass of galaxy clusters, though he, in common
with [Einstein (1916), believed it would never be measurable in practice.

According to [Einstein (1916), light follows null geodesics - effectively, the shortest
path in a curved spacetime. In the case that there is more than one solution for a
null geodesic, the result will be multiple images of the lensed source. Furthermore,
as can be seen from Equation [2.3.1]for the simple case of a point mass, the deflection
depends on the impact parameter, with photons passing more closely to the lensing
mass being more strongly deflected. This results in differential deflection across an
image, which causes it to appear ‘stretched’ on the sky. The number of photons
does not change, so surface brightness in conserved while size is not, which means
that the total flux is magnified.

Gravitational lensing acts over two regimes, weak and strong. In the weak case,
the distortions are too slight to be individually measurable, and must be computed
statistically over a large sample. In the strong case, sources can be highly magnified
and multiply imaged. While both effects can be used to measure the cluster mass,
the strong case is the one we require in order to use the lensing effect to study the
background galaxies, taking advantage of the source magnification.

Figure illustrates the geometry of a lensing system in which a source lies at
a distance Dy from the observer, with an intervening lensing potential at a distance
Dy from the observer and D4, from the source. The first assumption we make is that
the distances between the source, lens and observer are much larger than the sizes
of the source or lens. Therefore, we can consider the lens as being confined to a thin

sheet; this is known as the thin lens approximation. Thus, the mass distribution
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can be fully described by a surface density on a thin sheet at a distance D, from
the observer. For strong lensing, the projected mass density, > must exceed some

critical mass density, >, where

2D,

St = ——s 2.3.2
' 4rGDyD,, (2.3.2)

2 so the use of

For a source at z ~ 2 behind a lens at z ~ 0.5, ¥4 ~ 1gem™
clusters as strong lenses requires that they exceed this projected density.

The discovery of a lensed arc behind the cluster Abell370 (Lynds & Petrosian,
1986; [Soucail et all, [1987) demonstrated that galaxy clusters do have sufficient mass
surface density to act as strong gravitational lenses. Many lensed arcs are now
known, and have driven the development of mass modelling techniques (e.g. Coe
et al., 2008; lJullo et all, [2007; Jullo & Kneib, 2009).

For a lens with ¥ > X, a critical line is produced at the Einstein radius, 0g,

given by

4GMD
Op =\ >——— 2.3.
E CQDdDdS ( 33)

so 0 is governed by the enclosed mass M. The critical line represents a region
of theoretically infinite magnification, though in practice the sources are extended
so the actual magnification is large but finite. Most of the lensed galaxies presented
in this thesis straddle the critical lines of their lensing clusters, and are therefore
highly magnified. The line in the source plane that maps to the critical line in the
image plane is known as the caustic.

In order to account for the lensing magnification and study the intrinsic proper-
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ties of the lensed galaxies, the mass distribution must be known. This thesis makes
use of published mass models for galaxy clusters, which are derived using the precise
positions and redshifts of multiply-imaged sources in the cluster. Using a Markov
chain_Monte Carlo (MCMC) sampler, the open-source software LENSTOOL (Jullo
et al., 2007; [Kneib, 1993) can estimate the enclosed mass of the cluster to within
~ 5% given HST-quality imaging. The accuracy of the mass model depends on the
number of constraints, i.e. how many lensed sources behind the cluster have known
spectroscopic redshifts. The models can also be well constrained where there are
multiple images straddling the critical line, as this allows the position of the line to
be carefully pinpointed, which in turn gives the enclosed mass from Equation 2.3.3
It can be seen from Equation 2.3.Tlthat the deflection angle is linear with mass. This
means that deflection by multiple sources (as in a galaxy cluster) can be calculated
as a superposition of the lensing masses.

In practice, of course, the mass distribution is unlikely to be spherically sym-

metrical. For an asymmetric mass distribution, the deflection angle becomes

a== [ d\V,®, (2.3.4)

over the light path A, where ® is the gravitational potential of the lensing mass.
This result is valid provided the gravitational field is weak (|®| < ¢?), and the lensing
mass moves slowly (|0] < ¢), both of which are true for galaxy clusters.

Once the mass distribution of the lensing cluster is known, the lensing distortion
can be inverted so that the lensed galaxy can be studied in its intrinsic, unlensed,

configuration. To do this, each pixel must be ray-traced back through the cluster
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potential to the source plane. In order to apply this ray-tracing, we must define the
lens equation.

Considering a system with the geometry illustrated in Figure 2.5] we first make
the assumption that all of the angles involved are small, so that the small angle
approximation, sin (6) ~ 6, is valid. We then define an optic axis perpendicular to
the lens plans and intersecting with the observer. On the source plane, a galaxy
with angular position ﬁ is located at a distance 177 = B’ Dy from the optic axis.

A photon from this source intersects with the lens plane with impact parameter
é’ =0 Dy, where 0 is the observed angular position of the image.

From basic geometry, the deflection angle & is related to the source position 5

and observed position g as

S

0D, =D, + aDys. (2.3.5)

We also define a reduced deflection angle

& (5) - ll))ds & (5) , (2.3.6)

S

and we then have the lens equation

f=0-a (5) . (2.3.7)

Combining Equations 2.3.4] and [2.3.7], we have

2 Dy,
2 D,

B=6- d\V | ®. (2.3.8)
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Using the thin lens approximation, we can also write the integral of the potential

along the light path as a projected two-dimensional potential:

/EWA:¢my:Dw<®, (2.3.9)
and we define the lensing potential, ¢, as
2 Dgs Dy
=B 0. 2.3.1
St (2:3.10)

Substituting Equations 2.3.9and [2.3.10/into 2.3.8] we obtain the original angular
position of the source, 5 in terms of its observed image position 0 and lensing

potential, ¢, as

B=0-Ve. (2.3.11)

The work in this thesis involves using Equation 2311l for images lensed by a
cluster with a previously-derived potential. By applying this to each point over the
galaxy image, we can reconstruct its appearance in the source plane, prior to being
lensed. The stretching effect of gravitational lensing means that these source-plane
images are higher resolution than could be obtained in the absence of lensing with
current facilities, enabling us to study the properties of sub luminous galaxies at

high redshift.
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2.4 Techniques used in this work

In Section 2.2, we have discussed the need to understand star formation within z > 1
galaxies. Here, we briefly introduce the observational techniques used to measure
star formation in galaxies, and the theoretical interpretation of disc instabilities used

throughout this work.

2.4.1 Observational star formation tracers

There are a number of tracers used to measure star formation rates (SFRs) in

galaxies, reviewed by [Kennicutt (1998a) as follows:

e Broadband colours: The spectrum of a galaxy is a composite of its stellar
populations, with optical wavelengths dominated by A, F, G and K stars
(which are high- to low-mass and hence short- to long-lived respectively). The
optical colours can therefore be used to estimate the fraction of young stars
and hence the approximate SFR over the last Gigayear. Stellar population
synthesis models are used to calibrate the colours, but are prone to errors due
to the differing effects of dust, metallicity and star formation history. This
method is primarily used as a computationally efficient means of comparing

average SFRs across a large sample.

e Ultraviolet: At ultraviolet (UV) wavelengths (1250 — 25004 ), the light is
dominated by young stars, so there is a linear relationship between luminosity
and SFR. For local galaxies, atmospheric absorption precludes the use of UV

from ground-based telescopes, but these wavelengths are accessible in distant
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galaxies in which the rest-frame UV is redshifted into optical bands, and space-
based telescopes such as the Hubble Space Telescope have made it possible to
observe local galaxies as well. However, UV measurements are particularly

sensitive to dust obscuration.
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e Nebular recombination lines: Massive stars (> 10 M, where M, is the
mass of the Sun) with lifetimes of < 20 Myr ionise the clouds of (primarily
hydrogen) gas in which they are embedded. As the hydrogen atoms recombine,
they produce bright emission lines. The lines of the Balmer series are the most
useful for measuring the SFR; the 3-2 transition gives rise to the Ha emission
line at 6562.84, and the 4-2 transition gives HB at 4861A. As only the
shortest-lived stars contribute significantly to the ionising flux, these lines are
a very sensitive tracer of instantaneous star formation. However, they are also
sensitive to dust obscuration, which is typically Ag, = 0.8 — 1.1 magnitudes,

though to a lesser degree than the UV.

e Far infrared continuum: The absorption of dust peaks in the ultraviolet,
and this absorbed emission is then re-emitted in the infrared. The far-infrared
(FIR) luminosity can therefore be used as a tracer of the UV emission, and
hence of the young stellar population. Uncertainties with this method arise
due to variations in the contribution to dust heating from old stars, and in the

temperature and optical depth of the dust.

All of the above SFR tracers depend ultimately on measuring the emission from
young, massive stars. They all therefore carry an additional systematic uncertainty
due to assumptions regarding the initial mass function (IMF), which dictates what
fraction of the total star formation is in these massive stars.

The simplest form of the IMF is that of [Salpeter (1955), which is a pure power
law. More recent work has refined this, primarily by restricting the contribution

from low-mass stars (Baldry & Glazebrook, 2003; (Chabrien, 2003; [Kroupa, 2001
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Scalo, [1986).

Throughout this thesis, we make use of the nebular emission lines Ho and Hf to
trace star formation, assuming a|Chabriern (2003) IMF. In addition to the advantages
noted above of the sensitivity of the emission lines to the most massive stars, these
lines are also accessible at a wide range of redshifts in the near-infrared.

In addition to measuring the ongoing formation of stars, we can consider their
fuel. Star formation requires large clouds of gas to collapse under gravity, so the
gas must be cold, around 10 K. At these temperatures, the gas becomes molecular.
Stars therefore form in dense molecular clouds.

The majority of the molecular gas is hydrogen, Hy, but as a symmetric molecule
Hy does not have a permanent electric dipole. It therefore does not have any ra-
diative rotational transitions (it does have lower-probability transitions, but these
are inherently weak and so cannot be measured at high redshift). However, we
can use the second most abundant molecule, CO, to trace the distribution of H,
(Sanders et all, 1984; [Solomon & Vanden Bout, 2005, e.g.). According to the Bohr
model of the atom, angular momentum - and hence rotational energy - is quantised.
Therefore, rotation of the molecule will result in discrete emission lines.

In the CO molecule, rotational transitions occur at approximately integer multi-
ples of 115 GHz (the precise value depends on the distance between the carbon and
oxygen atoms, which increases at higher rotational energy levels due to increased
forces on the nuclei). This places the rotational transitions of CO at millimetre wave-
lengths, which corresponds to windows of atmospheric transmission; the higher-order

CO transitions are even accessible at high redshift.
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2.4.2 Disc stability

Throughout this thesis, we refer to the [Toomre (1964) stability parameter, (), which

is defined as

OKR

TG

Q= (2.4.12)

where o is the turbulent velocity dispersion, & ~ v/2u /1 is the epicyclic fre-
quency for rotation velocity v, and disc scale length r, and ¥ is the max surface
density of the disc.

If 0 k > m G X then the energy from turbulent and rotational motion dominate
over the gravitational energy, so the disc will be stable against collapse. If 1G ¥ >
ok (i.e. @ < 1) then the gravitational energy dominates, and the disc will fragment.
Therefore, a disc is described as ‘Toomre-stable’ if it has () > 1 and unstable if

@ < 1. A marginally stable disc has @) ~ 1.

2.5 Organisation of this work

We begin in Chapter 3] by isolating the Ha emission line in two redshift windows,
z ~ 1 and z ~ 1.5 with narrowband filters available on the Wide Field Camera 3
(WFC3) installed on the Hubble Space Telescope in 2009. In Chapter l, we turn
to examining the fuel for star formation, with observations of molecular gas in our
highest-redshift target at z ~ 5. We then compile the largest sample to date of
lensed galaxies with spatially resolved spectroscopy to map star formation in lensed
galaxies at 1 < z < 4 in Chapter [ to study the relation between star formation

and galaxy dynamics. A summary of our findings and an outline for future work is
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presented in Chapter [Gl



Chapter 3

Hubble Space Telescope Ha
imaging of star-forming galaxies at

z~1—1.5

3.1 Overview

We present HST /WFC3 narrowband imaging of the Ha emission in a sample of
eight gravitationally-lensed galaxies at z = 1 — 1.5. The magnification caused by
the foreground clusters enables us to obtain a median source plane spatial resolution
of 360pc, as well as providing magnifications in flux ranging from ~ 10x to ~ 50x.
This enables us to identify resolved star-forming HII regions at this epoch and there-
fore study their Ha luminosity distributions for comparisons with equivalent samples
at z ~ 2 and in the local Universe. We find evolution in the both luminosity and

surface brightness of HiI regions with redshift. The distribution of clump proper-
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ties can be quantified with an HIiI region luminosity function, which can be fit by
a power law with an exponential break at some characteristic luminosity, and we
find that the luminosity of the break evolves with redshift. We therefore conclude
that ‘clumpy’ galaxies are seen at high redshift because of the evolution of the char-
acteristic mass; the galaxies themselves follow similar scaling relations to those at
z = 0, but their HII regions are larger and brighter and thus appear as clumps which
dominate the morphology of the galaxy. A simple theoretical argument based on
gas collapsing on scales of the Jeans mass in a marginally unstable disc shows that
the clumpy morphologies of high-z galaxies are driven by the competing effects of
higher gas fractions causing perturbations on larger scales, partially compensated

by higher epicyclic frequencies which stabilise the disc.
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3.2 Introduction

Observations of star-forming galaxies at high-z have shown that a significant fraction
of the population have turbulent, clumpy, rotating discs with clump masses of ~
1039M,, a factor of ~ 100x the typical Giant Molecular Cloud (GMC) locally
(e.g. |Cowie et al., [1995; [Elmegreen & Elmegreenl, 2005; Elmegreen et all, 2009, 12004;
Forster Schreiber et al); [2009). The clumps are thought to form from gravitational
instabilities in gas-rich discs (Bournaud et _al., 2010; [Elmegreen et _all, 2009, 2007;
Genzel et _all, 2008).

Some recent numerical simulations have suggested that the majority of massive,
high-z galaxies accrete their gas via ‘cold flows,” in which the gas is accreted smoothly
along filaments. These cold flows are less disruptive than a major merger, and hence
offer a route to maintain marginally stable discs (Toomre parameter () ~ 1) without
disrupting the structure and dynamics. Cold-flow accretion is expected to be a
dominant mode of mass assembly above z ~ 1, and thus accounts for the ubiquity
of large clumps at high redshift (e.g. Bournaud et al., 2011; Bournaud & Elmegreen,
2009; Dekel et all, 2009).

In this picture, the clumps are considered to be transient features, forming in
marginally unstable discs at high-z and fed by smooth accretion of gas onto the
galaxy. Clumpy galaxies therefore represent a phase in the evolution of present-day
spiral discs.

There is a need to test the internal physical properties of the interstellar medium
(ISM) observationally, to determine whether the clumps are scaled-up analogues of

local HII regions or represent a different ‘mode’ of star formation, and whether
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they can explain the strong evolution of star formation rate density with redshift.
However, sufficient spatial resolution is required to resolve the ISM on the scales of
star-forming regions. Even with the use of adaptive optics, spatially resolved studies
of high-redshift galaxies to date have been limited to a resolution of ~ 1.5kpc (e.g.
Forster Schreiber et all, [2009; |Genzel et al., 2006); using the Hubble Space Telescope
(HST), only the largest starburst complexes can be resolved, on scales of ~ lkpc
(Elmegreen et all, 2007). On these scales, it is possible to probe the dynamics of
galaxies on large scales, and |Genzel et al. (2011) found evidence that ) < 1 in the
regions of galaxies where clumps are found, lending observational support to the
theory that the clumps form from internal gravitational instabilities. In order to
study the clumps in detail, we need to resolve high-redshift discs on the scales of
individual star-forming regions; in the local universe, this is ~ 100pc.

The required spatial resolution can currently only be achieved by exploiting
gravitational lensing. By targeting galaxies that lie behind foreground cluster lenses,
it is possible to benefit from linear magnification factors (along one direction) of up
to 50x (e.g. lJones et all, 12010; [Swinbank et_all, 2007, 2009), and to isolate Hi1
regions of order ~ 100pc out to z ~ 5 (Swinbank et al), 2009). Regions were
found with star formation surface densities Ygpg ~ 100x higher than those found
locally (Jones et al., 2010; Swinbank et al., 2009). These regions of dense star
formation are comparable to the most intensely star-forming interacting systems
in the local Universe (Bastian et all, 2006), yet appear to be ubiquitous in non-
interacting galaxies at high redshift.

It is not known what drives these regions of intense star formation at high-z,
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although Jones et al. (2010) suggest a combination of higher gas density, increased
star formation efficiency and shorter star-formation timescales. In addition, their
data give the appearance of a bimodal distribution of HiI region surface brightnesses,
although there is no known physical process that might drive this. In order to
understand this result further, we require a sample at intermediate redshift (z ~
1—1.5) with which we can probe the evolution of star formation density with redshift
at higher sensitivity so that regions comparable to those at z = 0 are detectable.

Previous work on high-z clumps has made use of Integral Field Units such as
Keck/OSIRIS (Jones et al), 12010; [Wisnioski et _all. 2012a). Gemini/NIFS (Swin-
bank et al., 2009) and VLT /SINFONI (Eorster Schreiber et all, 2009). These allow
detailed mapping of the nebular emission lines, but at lower sensitivity than is
achievable with imaging from space, depending on the width of the emission line,
the spectral resolution and the available filters. An alternative means of identifying
star-forming regions with high sensitivity is to take imaging through narrowband
filters. The Wide Field Camera 3 (WFC3) on the HST presents an opportunity to
study the star formation in galaxies at z ~ 1 and z ~ 1.5, as there are narrowband
filters available which correspond to the wavelength of the Ha emission line at these
redshifts. Combining the sensitivity and high spatial resolution of HST/WFC3
with the magnification afforded by gravitational lensing by foreground clusters, we
can map the internal star formation distribution and so identify the frequency and
properties of giant HII regions.

In this chapter, we therefore study the star formation morphologies of eight

galaxies at z ~ 1 —1.5. We present the sample in §3.3] present the properties of the
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galaxies and their star-forming clumps in §3.4] discuss the implications in §3.5] and
present our conclusions in §3.6l Throughout, we adopt a ACDM cosmology with
Hy=70kms ! Mpc!, Q) = 0.7 and ©,, = 0.3. Star-formation rates are calculated
from Ha luminosity Ly, using the prescription of [Kennicutt (1998a) adjusted to a

Chabrier (2003) IMF.

3.3 Sample and Observations

Our sample comprises eight lensed galaxies, each with spectroscopically-confirmed
redshifts between 1 < z < 1.5 such that the Ha emission line falls within the high-
transmission region of the narrowband filters on WFC3. The associated cluster
lenses are massive systems from the X-ray selected BCS and MACS samples (Ebeling
et al., 2007, 1998, 2001, 2010) with well-constrained mass models (see references in
Table B.]), so that the effects of lensing can be accounted for.

The positions and properties of the sample are given in Table 3.1l We observed
each target in the narrowband filter covering Ha for a typical exposure time of 6 ks
(2 orbits), using a 3- or 4-point linear dithering pattern of £5 arcsecs in both direc-
tions to improve the detection and removal of cosmic ray hits and bad pixels. At
the same time, three of the targets (MACS J0947, MACS J0159 and MACS J1133),
which did not have WFC3 data in the archive, were observed in the corresponding
broadband filter using the same sequence of observations as their corresponding nar-
rowband data, for a total of 3ks (1 orbit). The narrowband data and new broadband
observations were obtained in Cycle 18 under Program 12197 (PI:Richard), with the

exception of Abell 2390, for which the broadband and narrowband data were taken
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in Cycle 17 under Program 11678 (PI:Rigby). The remaining broadband data were
obtained under Cycle 17 Program 11591 (PI:Kneib) or Cycle 18 Program 12065-9
(PI:Postman) as indicated in the notes to Table Bl

All of the WFC3 data were reduced using the multidrizzle software (Koekemoer
et al., 12002) under PYRAF to perform a cosmic-ray rejection, sky subtraction, and
drizzling onto an output pixel scale of 0.05”. Drizzling combines a stack of un-
dersampled images taken from different dithering positions to correct for geometric
distortion, remove cosmic rays and bad pixels, and restore the full spatial resolution
of the telescope while maximising the field of view. The narrowband and broad-
band images of the same cluster were aligned using the location of ~ 20 bright
stars. A narrowband excess image was constructed by direct pixel-to-pixel subtrac-
tion between the narrowband and broadband images, including an arbitrary scaling
factor. We calibrated this scaling factor by checking that all bright cluster members,
which are featureless elliptical galaxies with no emission lines in the respective fil-
ters, became consistent with the background in the excess image. For Abell 773 and
Abell 68, the broadband images available in the archive did not directly overlap the
Ha emission line, so an estimate of the broadband continuum was made by linear
interpolation between the adjacent F110W and F160W filters.

The narrow and broad filters used for each target are indicated in Table [3.1l The
z ~ 1 targets were observed in either the F126N or F132N narrowband filters as
appropriate for their redshifts. These filters have widths of 118A and 131A respec-
tively, compared to 3015A for the corresponding F125W broadband filter, where

‘width’ is defined as the full width at 50% transmission. The z ~ 1.5 targets were
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observed in either F164N or F167N, at 175A and 172A respectively, with the corre-
sponding broadband filter F160W having a width of 2879A. The equivalent widths
of the Ho emission lines are typically 80-100A, and so contribute ~ 3.5% of the
broadband flux. This contribution introduces errors into the broadband subtraction,
although we attempt to minimise this using the residual minimisation technique de-
scribed above. Two galaxies have Ha equivalent widths above this range; these are
MACS J0159 at 330A and Abell 773 at 375A. The former thus has higher potential
errors in the broadband flux estimate (~ 12%), but in the latter case the Ha line is
not included in the broadband filter.

The flux calibration of each image was verified using 2M ASS stars in the fields,
and in all cases was found to agree to within 15%, which is sufficient precision for

our purposes.
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Abell 2390

Abell 68

Figure 3.1. HST/ACS and WFC3 three-colour images of the observed clusters with the
critical line at the redshift of the target arc overlaid, showing the positions of the target
arcs. The arcs are contained within the white dashed boxes which denote the regions

extracted in Figure
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Figure 3.2. Ha excess images in the image plane (left) and reconstructed in the source
plane (right). The image scales are in arcseconds in the image plane and in kpc in the
source plane. Identified clumps are indicated in the source-plane images by black crosses,
and the magenta ellipse shows the FWHM of the effective source-plane PSF, as described

in the text.
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Colour HST images of the clusters are shown in Figure 3.1 with the critical lines
at the redshift of the target arc overlaid. We use the transformation between image
and source plane mapping from the best-fit cluster mass models (for details of the
mass models, see references in Table B]) with LENSTOOL (Jullo et al.; 2007; Kneib,
1993) to reconstruct the images in the source plane, and show these in Figure
In order to reconstruct the source plane morphology, LENSTOOL uses the mapping
between the image and source planes on a cluster-by-cluster basis and ray-traces
the galaxy image. The lensing effect is to stretch the galaxy image - in most cases
along one direction - and so the reconstruction cannot ‘create’ new HII regions, but
rather the lensing has acted to extend them. As surface brightness is conserved by
lensing, we then apply this conservation to obtain the intrinsic source plane flux.
The total magnification is then simply the ratio of the image- to source-plane flux.
To obtain the errors on the magnification, we use the family of best fit lens models
which adequately describe the cluster potential, derived by sampling the posterior
probability distribution of each parameter of the model (see Richard et al. (2010) for
more details). For each acceptable lens model, we reconstruct the arc and remeasure
the amplification. We give the resulting magnification factors, u, and associated
errors in Table Bl

In cases where the target is multiply-imaged, the images were reconstructed
separately and then adjusted for small differences in position and orientation before
being combined. For MACS J0159, which consists of five images, only the first
three were used due to the high magnification gradients in the fourth and fifth

images resulting in high distortion in the source plane reconstructions. In the case
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of Abell 611, we use only the northernmost arc due to high distortion by a foreground
galaxy lying close to the line of sight of the southern arc.

We derive total magnification factors by comparing the total luminosities of the
image- and source-plane Ha excess images. The intrinsic Ha luminosities are in the
range 0.45— 15 x 10*ergs—! corresponding to SFRs of 0.4 —12Moyr~!. These are at
the faint end of the Hor luminosity function for this redshift range (see Figure B.3),
and probe fainter galaxies than the z ~ 2 sample of .Jones et al. (2010), which covers
the range 2.5 — 32 x 10*'ergs™!, although the two samples overlap in luminosity.
Due to the increased sensitivity provided by the lensing magnification, both of the
lensed samples cover a lower range of intrinsic Hoa luminosities than the sample of
SINS galaxies studied by [Forster Schreiber et all (2011), which were selected to have
bright Ho and lie in the range 28 — 43 x 10*'ergs™!, making them rare, intensely
star-forming galaxies. Thus, by harnessing gravitational lensing we are able to probe
the more ‘normal’ star-forming population.

Since gravitational lensing can preferentially shear one direction, we estimate
the effective source-plane resolution by reconstructing the image of a star from the
field repositioned to lie at the centre of the target. The maximum linear resolu-
tion, derived from the FWHM of the reconstructed star in the direction of greatest
magnification, is 68-615pc with a median of 360pc, sufficient to resolve giant Hir

regions.



3.3. Sample and Observations 76

3.3.1 Comparison samples

In order to interpret our high-z data, we exploit the Ha narrowband imaging from
the Spitzer Infrared Nearby Galaxies Survey (SINGS, [Kennicutt et al., 2003), which
comprises Ho imaging of 75 galaxies with corrected SFRs of up to 11 Moyr—!. We use
the publicly available continuum-subtracted Ha narrowband imaging and restrict
the sample to those with Ha detections with signal-to-noise of > 5 that have no
significant defects in the galaxy images (determined by visual inspection). This
restricts the SINGS sample to 41 galaxies with SFR > 4 x 1074 Myyr—1.

To ensure a fair comparison, we rebin the SINGS images so that the resolution is
comparable to the high-z data and then threshold to the median surface brightness
limit of the z ~ 1 — 1.5 observations. It is worth noting that thresholding the
images in this manner excludes 10 — 50% of the total star formation. This should
not affect the comparison between samples which have the same surface brightness-
limit, but may serve as an indication of the fraction of star formation missed in
high-z observations.

To provide a comparison to local galaxies which are more actively star-forming,
we use the VIMOS Ha imaging spectroscopy of Rodriguez-Zaurin et all (2011),
which includes 38 LIRGs and ULIRGs at z < 0.13 with spatial resolution of 130 pc—
1.2kpc and SFR s 25 Moyr—.

We also compare the z ~ 1 — 1.5 sample to the z ~ 2 lensed arcs of .Jones et _al.
(2010), which were observed with Keck/OSIRIS. In order to provide a fair com-
parison, we have constructed narrowband images by summing the OSIRIS cubes

over 100 A (observed-frame) around the redshifted Ha emission line, matching the
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width of the WFC3 narrowband filters. The resulting images are then corrected for
lensing using the same image-to-source plane mapping as|Jones et al. (2010) in order

to obtain the intrinsic galaxy properties.

3.3.2 Determination of galaxy properties

The total Ha luminosities of the galaxies in all samples are determined by con-
structing an image mask from an isophotal contour at a signal-to-noise of > 3 in
a sky-subtracted image, in order to give the best possible match to IFU surveys in
which flux is summed over pixels in which a line fit is obtained (e.g. Forster Schreiber
et al., 2009; lJones et _all, 2010). In the case of the SINGS galaxies, each image was
checked by visual inspection and any foreground sources and defects masked. The
resulting luminosities were then compared to the published values and found to
agree to within ~ 20%.

We convert Ha luminosity to SFR using the Kennicutt (1998a) prescription,
corrected to a (Chabrier (2003) IMF, which reduces the SFR by a factor of 1.7x.
As we do not have constraints on the dust extinction, we adopt an estimate of
Ape = 1 in all samples. This assumption is widely used in the literature although
it is the subject of some disagreement. |Garn et all (2010) suggest a luminosity-
dependent Ay, is more appropriate; were we to adopt their relation, we would obtain
Ap, = 0.7 — 1.6 with a median Ay, = 1.15. However, we also note that recent work

by Dominguez et al. (2013) suggests that galaxies with Ly, s 4 x 10" ergs™!

may be
consistent with having Ay, = 0, and that above this threshold extinction increases

in a luminosity-dependent way. Had we adopted this correction instead, the SFRs
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Figure 3.3. Intrinsic Ha luminosities of the high-z samples compared to Ha luminosity

functions from HiZELS
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Sobral et al., 12012a). Also shown is the range of Ha luminosities

Forster Schreiber et al.

201

) sample from the SINS survey at z ~ 2. The two lensed

samples overlap in luminosity and are both at the faint end of the luminosity function,

with the median of the z ~ 1 — 1.5 WFC3 sample lower than that of the z = 1.6 — 2.6

OSIRIS sample by a factor of 6.6x, while the unlensed SINS galaxies cover a range of

higher Ha luminosities.
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of the majority of our galaxies would be reduced by a factor of 2.5x. The exceptions
are the three brightest z ~ 2 galaxies, in which the SFRs would increase by factors
of 1.3 —1.8x%, and the z ~ 1 galaxies Abell 68 and Abell 773; the former would be a
factor of 1.8 lower, while the latter would be unchanged. Qualitatively, there is no
significant impact on our results, as adopting either luminosity-dependent extinction
relation would serve to increase the evolution we observe in §3.4.2 For simplicity
and reproducibility, we adopt Ay, = 1 throughout.

We define the sizes of the galaxies as twice the half-light radius. The half-light
radius is determined using the continuum images to find the shape (i.e. the centre
and major to minor axis ratio of an ellipse that best fits the galaxy), and then
adjusting the semi-major axis of the ellipse until it encompasses half of the total
Ha luminosity calculated in the manner described above. The galaxy-averaged star
formation surface density, Yspr is defined from the total luminosity per unit area

enclosed within two half-light radii.

3.4 Results and Analysis

3.4.1 The Spatial Distribution of Star Formation

A common theme in the recent literature is that high redshift galaxies are “clumpier”
than galaxies in the local universe. This concept originates from the frequent ap-
pearance of “chain” galaxies in the high redshift universe (e.g. |(Cowie et al., 1995;
Elmegreen & Elmegreen, 2005; [Elmegreen et al., 2004). Even without looking at

the properties of individual star forming regions, it is interesting to compare the
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morphologies of the star-forming regions across the samples.

From visual inspection, it is clear that there are significant differences between
the samples. In particular, the surface brightness distributions of the galaxies show
distinct differences in the different samples. In Fig. [3.4] we show the fraction of star
formation in pixels above a given Xgpr for the z ~ 1 — 1.5 and z ~ 2 samples, with
the interquartile range of the thresholded SINGS sample shown for comparison.

To allow for the differing surface brightness limits of the samples, we only show
star formation above a surface brightness of Ygpr = 0.001 Mg yr~'kpc=2. This
enables us to compare the star formation occurring in bright regions in a consistent
manner. From the peaks - i.e. the maximum of the cumulative histograms on the
horizontal axis - we can see that the samples are different, with the z ~ 2 galaxies
having peak surface brightnesses of around an order of magnitude higher than the
lower-z samples. Similarly, the z ~ 1 — 1.5 sample is systematically brighter than
SINGS sample, with the exception of MACS J1133, which is similar to the fainter
z = 0 galaxies, MACS J0947 which is similar to the median of the z = 0 sample,
and Abell 773 which appears similar to the z ~ 2 galaxies.

As a statistical measure of the clumpiness of galaxies, we investigate using the
Gini coefficient, GG, which is used in economics to measure the inequality of wealth
in a population (Gini, [1912). It has values from 0 to 1, where at the extremes G = 0
for a completely uniform distribution, and G' = 1 if there is only one non-zero value.
Following [Forster Schreiber et al) (2011)), we use it to quantify the distribution of
flux in an image, so a value close to one indicates that the profile has a single peak (in

the case of G = 1, all of the flux would be in a single pixel), a galaxy with multiple
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Figure 3.4. The fraction of star formation within each galaxy occurring above a given
surface brightness, for the z ~ 1 — 1.5 and z ~ 2 samples. The shaded region is the
interquartile range of the SINGS z ~ 0 sample. There are two galaxies, MACS J1133 and
MACS J0947, from the z ~ 1 — 1.5 sample with similar surface brightnesses to the z = 0
sample, and the remainder are systematically brighter. The z ~ 2 sample has significantly
higher surface brightnesses. Hence, there is clear evolution in the surface brightnesses of

galaxies with redshift.
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clumps would have a lower GG, and at the extreme, a galaxy with completely uniform
surface brightness would have G = 0.

In the z ~ 1 — 1.5 sample, we find a narrow range of 0.25 < G < 0.39 with
a median of G = 0.34. The z ~ 2 sample is marginally higher, with 0.42 < G <
0.56 and a median of G = 0.43. The z = 0 SINGS sample has a similar median
G = 0.45 but a much wider range of 0.05 < G < 0.82, and the low-z ULIRGs have
0.38 < G < 0.85 with the highest median G = 0.70. On the basis of the Gini
coefficient there are no clear differences between the samples. Comparing the Gini
coefficients with the visual appearance of the galaxies, the lack of distinction reflects
the fact that a low Gini coefficient may arise from either a smooth distribution of
star formation or from star formation that is concentrated into a large number of
distinct clumps. Furthermore, we find no strong correlations between GG and any of
the properties of the galaxies. Clearly, to progress further we will have to compare
the properties of individual clumps. In particular, we will show that the clump
luminosity function provides a good means of distinguishing different galaxy star

formation morphologies.

3.4.2 Properties of star-forming clumps
Definition of Clumps

Studies of HII regions or star-forming clumps have used a variety of methods to
define and separate clumps from the background emission of the galaxy. Usually
an isophote is defined at 30 above the background noise (e.g. Gonzalez Delgado

& Perez, [1997; lJones et al), 2010). However, this method is clearly dependent on
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the noise properties of the image, and thus is problematic when comparing local
and high-redshift observations. In particular, as high-redshift galaxy images tend
to have high relative noise levels and low dynamic range, the choice of isophote
tends to select only the brightest regions in the galaxy, neglecting any lower-surface
brightness clumps and underestimating their sizes.

An alternative is the IRAF task DAOFIND as employed by Forster Schreiber
et al. (2011), which is designed to locate point sources in images. However, we
found that it did not perform well on our sample. This is likely to be because
DAOFIND requires an expected size of features to look for. As the clumps of Forster
Schreiber et al. (2011) are largely unresolved, they were able to use the PSF of their
observations as the expected size. As our clumps are resolved, the routine does
not work reliably. For this chapter, we therefore use the 2D version of CLUMPFIND
(Williams et al., [1994), which uses multiple isophotes to define clumps. We defined
the contour levels with respect to the rms noise in the image, starting at 30 and
increasing in 1o intervals until the peak value of the image is reached. The data are
first contoured at the highest level to locate clumps, and the algorithm then works
down in brightness through the contour levels. Any isolated contours are defined
as new clumps, while others extend existing clumps. If a contour surrounds one
existing peak, they are allocated to that clump, and any which enclose two or more
are divided using a ‘friends-of-friends’ algorithm. The advantages of this approach
are that it enables a consistent clump definition to be applied to multiple data sets,
lower surface brightness clumps are not excluded, and there is no assumption made

about the clump profile.
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The clumps identified by CLUMPFIND were all confirmed by visual inspection to
remove any sources not associated with the target galaxy, of particular importance
in the case of the SINGS images where foreground sources lie close to or overlap the
target galaxies. The area A of the clump is then obtained from the number of pixels
assigned to it, multiplied by the source-plane pixel scale, and from this we define
the effective radius r = \/TM We only accept clumps where 2r is larger than the
FWHM of the PSF, so all clumps are resolved.

Due to the manner in which clumps are ‘grown,’ their sizes returned by CLUMPFIND
tend to be larger than those obtained by other methods. As a comparison, we also
fit a 2D elliptical Gaussian profile to each peak and measure the FWHM. A compar-
ison of the clump radii found by the two methods is shown in Figure The rms
difference between the two radii is ~ 100pc, and on average we find that CLUMPFIND
outputs sizes 25% higher than the FWHM. Wisnioski et all (2012a) note that sizes
defined through isophotes can be unreliable due to the level of ‘tuning’ required to
select an appropriate isophote level in a given galaxy. This is less significant with
CLUMPFIND because this tuning is not required; the use of multiple isophote lev-
els in all galaxies allows the levels to be defined in a consistent way across a large
sample. We therefore find much lower scatter between the isophotal sizes output by
CLUMPFIND and the clump FWHM than they do in their sample. Throughout this
work, we use the CLUMPFIND size for all samples, and give error bars that encompass
the FWHM of the clumps.

The sizes and Ha-derived SFRs of the 2z ~ 1 — 1.5 clumps are given in Table

We analyse these properties in comparison to the other samples below.
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Table 3.2. Properties of clumps identified in the z ~ 1 — 1.5 sample, determined as

described in §3.4.2

Clump radius (pc)  SFR (Mgyr™1)

MACS J0947-1 350 £ 56 0.054 + 0.010

MACS J0947-2 324 £ 22 0.0328 £ 0.0086

MACS J0947-3 384 £ 48 0.045 + 0.012

MACS J0947-4 334 + 39 0.0350 £ 0.0092

MACS J0947-5 318 £ 38 0.0339 £ 0.0089

MACS J0947-6 376 = 6 0.0347 £ 0.0091

MACS J0947-7 311 £ 17 0.0261 £ 0.0068

MACS J0947-8 149 + 9 0.0050 £+ 0.0013

MACS J0159-1 402 + 89 0.282 £+ 0.060

MACS J0159-2 370 £ 77 0.203 £ 0.043

MACS J0159-3 530 £ 130 0.355 £ 0.076

MACS J0159-4 468 + 13 0.170 £ 0.036

Abell 611-1 730 £ 180 0.370 £ 0.083
Abell 611-2 560 £ 160 0.181 + 0.041
Abell 611-3 630 + 140 0.200 £ 0.045
Abell 611-4 390 £ 59 0.065 = 0.015
Abell 68-1 378 £ 26 0.081 £ 0.016
Abell 68-2 132 £8 0.0075 £ 0.0015
Abell 68-3 375 £ 24 0.076 =+ 0.015

Continued on next page
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Table 3.2 — continued from previous page

Clump radius (pc)  SFR (Mgyr™)
Abell 68-4 354 £+ 25 0.070 £ 0.014
Abell 68-5 509 £ 31 0.114 £+ 0.023
Abell 68-6 337 £ 33 0.062 £ 0.013
Abell 68-7 386 £ 61 0.099 £ 0.020
Abell 68-8 205 £ 42 0.0273 4+ 0.0055
Abell 68-9 348 £+ 44 0.069 £ 0.014
Abell 68-10 299 £ &9 0.066 £ 0.013
Abell 68-11 328 £+ 31 0.057 £ 0.012
Abell 68-12 312 £ 15 0.0476 £ 0.0097
Abell 68-13 412 + 60 0.100 £ 0.020
Abell 68-14 293 £ 16 0.0429 + 0.0087
Abell 68-15 263 £ 5 0.0302 £+ 0.0061
Abell 68-16 280 £ 50 0.0454 + 0.0092
Abell 68-17 169 = 7 0.0132 4+ 0.0027
Abell 68-18 195 + 33 0.0215 £ 0.0044
Abell 68-19 224 £ 6 0.0199 4+ 0.0040
Abell 68-20 239 £ 51 0.0344 £ 0.0070
Abell 68-21 135 £ 5 0.0069 + 0.0014
Abell 68-22 163 £+ 23 0.0142 + 0.0029
Abell 68-23 112 £ 2 0.00489 £ 0.00099

Continued on next page
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Table 3.2 — continued from previous page

Clump radius (pc)  SFR (Mgyr™)
Abell 68-24 171 £ 31 0.0161 + 0.0033
Abell 68-25 98 £ 5 0.00416 £ 0.00085
Abell 68-26 122 £ 8 0.0066 + 0.0013

Abell 2390-1 352 £ 59 0.115 £ 0.025

Abell 2390-2 404 + 68 0.136 = 0.030

Abell 2390-3 409 £ 6 0.086 + 0.019

Abell 2390-4 366 £ 26 0.067 £ 0.015

Abell 2390-5 463 £ 9 0.111 £ 0.024

Abell 2390-6 347 £ 13 0.059 = 0.013

Abell 2390-7 470 £ 1 0.093 = 0.020

Abell 2390-8 341 £ 73 0.069 + 0.015

Abell 773-1 1040 £ 200 5.6 £ 1.3

Abell 773-2 1430 £ 180 9.6 £ 2.2

MACS J1133-1 1120 £ 100 0.118 £ 0.025

MACS J1133-2 890 £ 160 0.068 = 0.015

MACS J1133-3 790 £ 280 0.057 £ 0.012

MACS J1133-4 835+ 4 0.0334 £+ 0.0072

MACS J1149-1 174 £+ 34 0.084 + 0.020
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Figure 3.5. Comparison of the clump size 7¢umpfina Output by CLUMPFIND with the

size rpwim obtained by taking the FWHM of a 2D Gaussian profile fit.

On average,

CLUMPFIND outputs sizes 25% larger than the FWHM. For consistency, we adopt the

isophotal size output by rclumpfind in all samples.
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Clump properties

One way of quantifying the ‘clumpiness’ of a galaxy is to consider the fraction of a
galaxy’s total Ha luminosity contained within clumps. We find medians of 31% in
SINGS, 36% for the z < 0.13 ULIRGs, 50% for the z ~ 1 — 1.5 sample and 68% for
the z ~ 2 sample. Thus, as expected, the higher-z galaxies are clumpier than their
local counterparts.

We now consider the properties of the clumps themselves, and first compare the
Ha-derived SFR to the clump radius, as shown in Figure B.6l Locally, there is a
well-defined relationship between these properties, as found by [Kennicutt (1988) who
found almost constant surface brightness in local HiI regions, except in merging and
interacting systems (Bastian et all, 2006). The situation at high-z, though, appears
different; [Swinbank et al) (2009) and lJones et al. (2010) found clumps with SFRs
of ~ 100x higher at a given size than found locally, in systems with no evidence of
interactions.

Figure is an updated version of one presented in Jones et all (2010), where
we have re-analysed the z ~ 2 and SINGS galaxies using CLUMPFIND so that clumps
are defined consistently across all samples, and we have added the results from our
new z ~ 1 — 1.5 data set and the z < 0.13 ULIRGS as well as the z = 1 — 2 results
from SHIZELS (Swinbank et al), 2012) and WiggleZ (Wisnioski et al., [2012a). We
show lines of median surface brightness in the samples, and vertical offsets from
these lines represent differences in the surface density of star formation, Ygpgr, in
the clumps. We will explore the relation of these offsets to global galaxy properties

in Section
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We note that the clumps we identify in the SINGS galaxies are derived from
images which have been degraded to comparable resolution to the high-z data, and
we find the effect of this is to decrease the surface brightness by a factor of ~ 2x,
as the size increases more than the luminosity. The points in Figure move along
the vector labelled "A’. Defining clumps in the z = 0 sample in this way ensures the
fairest possible comparison with the high-z data.

Upon re-analysis using CLUMPFIND, we find some lower Yqrgr regions in the Jones
et al. (2010) sample, but they all remain separated from the local relation by a factor
of ~ 100x. This confirms the large differences between the local and high redshift
population already noted by ISwinbank et all (2009) and Jones et all (2010).

Our new z ~ 1 — 1.5 sample fits in between the SINGS and z ~ 2 samples, with
the exception of the two regions from the most compact source Abell 773, which
have Ygpgr similar to the z ~ 2 sample, and the four regions from MACS 1133,
which are similar to z = 0 clumps. This indicates clear evolution in clump surface
brightness, Yspr, with redshift.

The surface brightness limit of the z ~ 2 data means that we cannot identify the
low star formation rate clumps in that sample. We show a dotted line representing
the lower limit at which we define clumps in the z ~ 2 galaxies. It is likely that
there are additional clumps which lie below this limit and are undetected; however,
such clumps make only a small contribution to the total SFR, as we shall discuss in
Section [3.4.3

Selection effects have no impact on the lack of high surface brightness regions

in the lower redshift samples, however. The intense star-forming regions are clearly
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Figure 3.6. Ha SFR for extracted HII regions as a function of size, compared to the lensed
z ~ 2 sample of lJones et al! (2010), high-z unlensed samples from SHIiZELS (Swinbank et al. in
prep) and WiggleZ (Wisnioski et all, 20124, low-z ULIRGs from [Rodriguez-Zaurin et al! (2011)
and the z = 0 SINGS galaxies (Kennicutt et all, 2003). Star formation rates are calculated using
the I[Kennicuttl (1998a) prescription adjusted for a Chabrier IMF with a dust extinction Apg, = 1
in all samples, and the error bars of the high-z lensed sources are dominated by the uncertainty
in the lensing magnification. Dashed lines show the median surface brightnesses in the SINGS,
z ~1—1.5and z ~ 2 samples. The black dotted line indicates the sensitivity limit of the z ~ 2
OSIRIS observations. The arrow indicates the effect of degrading the image resolution, as discussed
in the text. The four lowest surface brightness clumps in the z ~ 1 — 1.5 sample come from one
galaxy (MACS J1133), and the two brightest regions are from Abell 773, the most compact galaxy
in the sample. The remaining galaxies have clumps with surface brightnesses in between those of

the z = 0 and z ~ 2 samples, similar to local ULIRGs.
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more common in high-z galaxies; they are found only in extreme systems such as
the Antennae locally, but exist in all five of the z ~ 2 galaxies and one of the eight
z ~ 1 — 1.5 sample.

Asnoted in §[3.3.1] the z ~ 2 galaxies have ‘normal’ SFRs for their redshift, below
the knee of the Ha luminosity function. The offsets seen in the figure emphasise the
importance of analysing clumps in terms of their surface brightness. This is even
more evident if the clumps belonging to a single galaxies are examined separately.
Rather than being distributed across the plot at random, individual galaxies form
a much tighter sequence with all the clumps sharing a common surface brightness,
particularly in the low redshift sample. Thus the spread in clump properties in
Figure appears to be driven by global differences in the galaxies.

We therefore next compare the clump Xgpr to the properties of their host galaxies
in Figure B.7 In the left-hand panel, we correlate the clump properties with the
total star formation rate of the galaxy. For clarity, we plot the median clump Xgpr
in each individual galaxy, and the error bars encompass the central 68% of clumps
within each galaxy (i.e. 10 if they follow a Gaussian distribution). There is evidence
for correlation between the clump Ygpr and the galaxy Ha luminosity (which we
assume to be proportional to the total SFR); we find a Spearman rank correlation
coefficient p = 0.69, representing a 5.8 0 deviation from the null hypothesis of no
correlation. This suggests that the star-formation in the high-z sample follows a
similar trend to the local sample, and that the differences seen in Fig. may arise
from the higher total star formation rates of the high redshift galaxies.

For the majority of the samples, an even stronger relation arises if we compare
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Figure 3.7. Comparisons between the star formation surface density X grgr of star-forming

clumps within each galaxy and the intrinsic Ha luminosity and galaxy-averaged ¥ gpr. The

clump Ygpr shown is the median for each galaxy, with error bars encompassing the full

range of Ygpr for all clumps within each galaxy.

The solid line is the best fit to the

data, and the dashed line illustrates the clump Xgpr expected from theory, discussed in

Section We find that both are correlated at the 5o level, implying that we find more

high-Ysrr at high redshift because there are more high-SFR and Xgpr galaxies at this

epoch.
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the clump Ygpr to the galaxy-averaged Ygpr. This is shown in the right-hand panel
of Figure 3.7 and has a correlation coefficient p = 0.79 with 6.6 ¢ significance. The
ratio of clump-to-average Yspr can be thought of as a measure of the ‘clumpiness’
of the galaxy.

We conclude that the properties of star-forming clumps in a galaxy are strongly
dependent on the global Xgrr of the galaxy. Galaxies with higher overall Xgpr have
higher clump surface densities and are correspondingly offset in the clump size —
star formation rate relation. While this accounts for some of the differences seen
in Fig. 3.6 it is also clear that there are more bright clumps in the higher redshift

galaxies. We quantify this below.

3.4.3 HII region luminosity functions

A quantitative measure of the clump brightness is to construct a luminosity function
(LF) of Hir regions. In the local universe, the Hir LF is presented in [Kennicutt et al.
(1989) and (Gonzalez Delgado & Perez (1997). They demonstrate that the LF can
be fitted by a broken power-law, or by a power-law with an exponential break. In
order to be consistent with our definitions of clump sizes, we reanalyse the local
data in order to construct our own LF. The results are shown in Figure 3.8 The left
panel of the figure shows the cumulative number of regions per galaxy as a function
of Ha luminosity. The normalisation of each bin takes into account the different
surface brightness limit of the galaxies, with error bars computed from the Poisson
error in counting regions. The slope of the power-law part of the mass function is

~ —0.75, so that although the LF appears steep in this representation, most of the
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Figure 3.8. Cumulative luminosity functions of HiI regions in the SINGS, z ~ 1 — 1.5

and z ~ 2 samples, shown as a mean per galaxy (upper) and normalised by total galaxy

Ha luminosity (lower). We plot the SINGS sample as a whole and subdivided into three

luminosity bins. The shaded regions illustrate model predictions from the GMC mass

functions of [Hopkins et al) (2012) for Milky Way-like (grey) and high-z (blue) simulations.

We find evolution in the HiI region luminosity function with redshift, which seems to be

driven by the gas fraction of the disc.
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total luminosity is contributed by the brightest HII regions.

Solid black points show the average of all SINGS galaxies. However, since we
will be comparing the galaxies covering a range of luminosities and redshifts, we
have separated the galaxies from the SINGS sample into 3 total Ha luminosity bins.
At a fixed luminosity, galaxies with lower total emission have fewer regions, but the
shape of the luminosity function is similar. In order to emphasise the similarity of
the mass function, we normalise each of the curves by the total star formation rate
of the host galaxies, and show this in the right-hand panel. The similarity of all the
Hir region LF's is now clear.

There is a striking similarity between the LF of the z ~ 1 — 1.5 sample and
that of the highest SFR galaxies in the low-z SINGS sample. The excess of very
bright regions (L ~ 10*' ergs™!) is down to one galaxy, Abell 773, which is the same
compact galaxy for which we found the clump surface brightnesses to be more typical
of the highest redshift galaxies. The low luminosity slope of the LF tends also to
be flatter than that seen in the low redshift galaxies, but it is hard to quantify this
difference without directly comparable surface brightness limits and is likely to be
affected by unresolved regions which are excluded. In any case, these faint regions
contribute little to the total flux.

In both panels, the Hi1r region LF for the highest redshift galaxies is strongly
offset from the relation seen in the low redshift SINGS sample and from the sample
at z ~ 1 — 1.5, but is similar to the low-redshift ULIRGs. Although the data do not
probe the low-luminosity slope of the LF, these galaxies have much brighter regions

than are seen at lower redshift. The right-hand panel emphasises that this is not
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because they contain many more regions overall.

In order to compare our data to models of mass functions, we must relate the
measured Ha luminosities to model clump mass, M. As an estimate, we use the Ha-
derived SFR and adopt SFR (Moyr—!) = 4.6+2.6 x1078M,, (Ladaet all,2010). This
empirical relation is based on local molecular clouds and applies to the high-density
gas where Ay > 0.8 mag. However, we note that this relation is consistent with the
far-infrared-derived star formation rate and CO-derived gas masses of star-forming
clumps reported in a lensed z = 2.3 galaxy by Swinbank et al/ (2011), but clearly
more high-resolution CO observations of high-z galaxies are required to confirm this.
As a guide, we include this conversion on the upper axis of Figure 3.8

The shapes of the LFs can be approximated by a power law with an exponential
break at some characteristic high luminosity or mass. The difference between the
samples’ LFs is then best described by a pure luminosity evolution, so that the break
shifts to higher luminosity /mass at higher redshift.

To demonstrate this, we include shaded regions representing a Schechter function

of the form

N (> M) = Np (%)aexp (%) , (3.4.1)

7

where we adopt the median value of o = —0.75 from [Hopkins et al. (2012). The
normalisation N is arbitrary, so we fit Ny to the z = 0 data and then keep it fixed
while allowing M, to vary in order to find best-fit values of in the different samples.
The fit is carried out on the cumulative LF in order to match [Hopkins et al. (2012).

The best-fit values are My = 4.6755 x 107 My, at z = 0, My = 8.0115° x 10" My, at
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z~1—15and My = 1.5722 x 10° M, at z ~ 2, where the errors are found with
a bootstrap method. We shade the best-fit Schechter functions at z = 0 and z ~ 2
in grey and blue respectively in Figure B.8 The normalisation of the model in the
lower panel is obtained by summing the luminosities of the clumps. The result is in
remarkably good agreement with our observations.

Not only do the highest-redshift galaxies have HII regions that are higher surface
brightness, but the characteristic luminosity of the regions is higher too. We suggest
that the presence of high-luminosity regions may be a good operational definition

of the clumpiness of a galaxy.

3.5 Discussion

In the previous section, we presented an analysis of star forming regions in galaxies
at 2 =0, z~1—1.5and z ~ 2. We find that the luminosities of the regions in z = 1
galaxies are similar to those of bright (L > 10% ergs™') galaxies at low redshift, but
the surface brightnesses are systematically higher. At higher redshifts, the properties
of the galaxies change, with the galaxies having clumps that are both much higher
surface brightness and shifted to higher total luminosities. This accounts for the
qualitative impression that the most distant galaxies are “clumpier.”

We also noted that the increase in the surface brightness of Hir regions tracks
the increase in the average star formation rate surface density, X srg, of the galaxies.
The observations are consistent with the changing properties of the HiI regions being
driven by changes in the overall Y srgr of the galaxies. We can link the increase in

the observed Y grpr to an increase in the gas surface density of these galaxies by
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assuming that the Kennicutt-Schmidt law holds at z ~ 2 as well as at z = 0. In
this case, we have an emerging picture that the changes we see are likely driven by
greater gas surface densities at higher redshift.

The connection between the increasing surface density of clumps and the greater
peak brightness arises naturally from this picture (Hopkins, 2012). The clump mass
required for collapse on scale R from a turbulent ISM is given by the Jean’s mass,

MJZ

3 9
c _— —M % [ —
Pe= mm3 T srr2G

(R)?, (3.5.2)
where o4(R) is the line of sight turbulent velocity dispersion. Assuming a turbulent
velocity power spectrum FE(k), the velocity dispersion o;(R) for wavenumber k =

1/Ris

0i(R)? = kE(k) x RP7Y, (3.5.3)

where p & 2 for supersonic turbulence appropriate to the ISM (Burgers, 1974;
Schmidt et al., 2009).

To determine the normalisation of the relation, we assume that the clumps are
located in a marginally unstable disc. We note that the available kinematic data for
the z ~ 2 sample and for MACS J1149 support this assumption, as do larger surveys
(Genzel et al., 2011); nonetheless, clearly this is uncertain without dynamical data
for the entire sample. However, if we make the assumption that the galaxies are
rotating discs with Toomre parameter () &~ 1, we can relate the epicyclic frequency,

r of the disc to its scale height, h: x ~ o4(h)/h (Hopkins, 2012).

Q= koy(h) N oi(h)?

—_— ~ . . .4
WGZQ WGZO}L <3 g )

Since the stability of the disc is a global phenomenon, we will associate >, with
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the average surface density of the star forming disc, Ygi., and treat the quantities
appearing in Eq.[3.5.4] as appropriate global disc averages. Since the disc is made up
of both stars and gas, we must take an appropriate average of the surface densities
in the two components. Following Rafikov (2001), and focussing on the largest
unstable fluctuations, the appropriate combination of gas and star surface densities

(denoted X, and X,) is

2
)3 isc:Z E*, 5.5
s <1+f3> (3:5:)

where f, = 0. /0y is the ratio of the velocity dispersion of the stellar component to
that of the gas.

Assuming @) =~ 1, we can write,

R\"!
02(R) = (1GX4gisch) <E> ~ TG g R, (3.5.6)

where we have used Eq. B.5.3] to relate o4(h) to o4(R) as a;(R)?/RP~' = oy(h)?/hP~!

. Combining with Eq. B.5.2] gives a critical density for collapse of

9 1
(R = =Y gise—. 3.5.7
pe(R) = (Ve (3.5.7)

Assuming that the cloud contracts by a factor ~ 2.5 as it collapses (Murray et al.,

2011)), the post-collapse surface density is
Ecloud ~ 10pcR ~ 10 Edisc- (358)

Thus, for the turbulent power spectrum p & 2, the surface density of collapsed clouds
is independent of radius and proportional to the surface density of the disc. The
normalisation of the relation follows from the collapse factor and the requirement

that the disc is marginally stable. This model provides a good description of clouds
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in the Milky Way (Larson’s laws) as discussed in [Hopkins (2012), and predicts that
the surface brightnesses of clouds should increase as the gas surface density (and
thus overall average star formation rate surface density) increases. If we assume a
constant Kennicutt-Schmidt law of the form g, o< itz (Kennicutt, 1998b), we
can compare Eq. to our data; we therefore overplot this line on Figure B.7 and
find that it is in good agreement with the observations.

Moreover, the model predicts that the most massive clouds should increase in
size with the average gas surface density. This follows from the marginal stability
condition (Eq. B.5.4), since density structures on scales greater than h will tend to
be stabilised by disc rotation.

This can be demonstrated formally by examining the dispersion relation for a
finite thickness disc (Begelman & Shlosman, 2009). [Hopkins (2012) shows that this

leads to an exponential cut-off of the clump mass function above a mass

47 3m3G? Y3,
~ 3 disc 5
ZMO —3 pc(h,)h = 72 —,‘i4 s (3 5) 9)

where we have used Equations [3.5.3] and B.5.4] to express h as a function of X4

and £ = V/2vgise/Raise (Where vgs is the disc circular velocity and Rg. is half-

1

mass radius of the disc). Expressing & in units of 100 kms~kpc™' we obtain a

normalisation of

Mo _ g6 10— Zae Y’ " B (3.5.10)
My 10 Mg pe=2 100 km s~ kpe—! ' o

We can check that this results in a reasonable value of M in the Milky Way by

2

using a gas surface density g5 ~ 10 Mg pc™ and a gas fraction of 10% with
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f» = 2 (Korchagin et _al., 2003) to obtain an effective Ygic ~ 35 My pc™2. With
k= 36.7kms ' kpc™! (Feast & Whitelock, 1997), this gives My ~ 107 M, in good
agreement with the characteristic mass of the largest Galactic GMCs (Stark & Lee,
2000).

Eq. B.5.10 shows that the mass function break depends strongly on the disc
surface density — the higher the surface density, the more massive the clumps that
are able to form. This trend can, however, be opposed by the stabilising effect of
angular rotational speed. For a fixed disc radius, a higher circular velocity tends to
reduce the mass of the largest clumps.

For low-redshift galaxies, simple theoretical models suggest that Rgis. X vgise
since halo spin is weakly dependent on the halo mass (Mo et all, [1998), and thus
we should expect the dependence on the disc surface density to be the dominant
trend controlling the characteristic clump mass. This is confirmed by analysis of the

observed properties of galaxies. For example, [Dutton et al. (2011) find

Ry - 1.2
= 25— 3.5.11
kpc <100 km/s) ( )

in the local universe. Combining this with the observed dependence of the disc

rotation velocity on galaxy mass

Mgy (e \7 (3.5.12)
1000, - \100km/s) i
we obtain
. M\
~ 0.38 3.5.1
100 km/skpc—! 0 (1010M®) ’ ( 3)

which shows that x is very weakly dependent on the galaxy mass, and the variation
in the clump mass functions of local galaxies is driven is driven by the disc surface

density.
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Figure 3.9. The evolution of characteristic mass My and clump surface density Xcjump in

comparison with model predictions (equation B.5.10). The model is strongly dependent on

the assumed evolution of gas fraction with redshift; we show tracks for fgas o< (14 2)2%0:5

and the thick arrows show the effect of increasing the gas fraction. We also show a track

for f, =1 - i.e. assuming that the gas and stars have the same velocity dispersion. This

makes the disc unstable on larger scales and would lead to higher-mass clumps at low-z

than are observed. The impact of this is reduced at higher-z where gas dominates the

disc dynamics. As f, increases, the points move in the direction of the arrow in the lower

right corner. The model provides a good fit to the data, demonstrating that larger, higher

surface brightness clumps at high-z are a natural consequence of increasing gas fractions,

which explains the observed morphologies of high-z galaxies.
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We also note that in a disc of constant circular velocity, x scales with radial

! while the gas surface density profiles are shallow, with

distance r as K oc 1~
gas X r~4/3 (Fu_et_al), 2010). Thus from Eq. B.5.10 there is no dependence of M
on r; while the surface density is higher towards the centre of the galaxy, this is
balanced by the higher rotational frequency. This explains the observations that
clump properties appear to be driven by the global properties of their host galaxies
rather than by local conditions, and this allows us to use disc-averaged values of &
and X.

We have no measurements of the gas contents of our samples, but dynamical
information available for the z ~ 2 sample permits us to predict the characteristic
mass in these galaxies from our model if we estimate Y4 from the dynamical
mass. Using the measurements reported in lJones et al! (2010, see their Table 2),
we compute a characteristic mass ranging from 3.3 x 10% — 3.1 x 10° M, for the
2z ~ 2 sample. The median value is 5 x 107 M, approximately 5x higher than
the Milky Way value. We therefore expect that the z ~ 2 sample should contain
clumps of higher mass and luminosity, as observed. However, the uncertainty in the
characteristic mass for the z ~ 2 sample is very large due to uncertainties in X gjsc
and k, which prevents us from making a precise comparison of the characteristic
mass in the different samples.

To understand how the clumpiness of galaxies evolves, we must therefore use
simulations to estimate the evolution of their scaling relations. [Dutton et al. (2011)
present a simple analytic model that seems to describe the observational data well

(Forster Schreiber et all, 2009; Trujillo et all, 2006; Williams et _all, 2010). We
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use their scaling relations for mass, size and rotational frequency with redshift in
combination with Eq. B.5.8 and Eq. B.5. 10l to predict how the characteristic mass
and clump surface brightness should evolve with redshift. Figure 3.9 illustrates this
evolution for a gas fraction evolution of fes o< (14 2)**"° (Geach et all, 2011).
The arrows show how altering the assumed gas fraction changes the model. This
suggests that the changing clump properties are a natural consequence of increasing
gas fractions dominating high-z galaxy dynamics. The high gas fractions probably
arise from high gas infall rates at high redshift (Bournaud et al., 2011; Bournaud
& Elmegreen, 2009; [Krumholz & Dekel, 2010); however, our observations do not
directly rule in or out cold flows. Our results merely require high gas fractions, and
cold flows are a method of maintaining the gas supply. Crucially, we note that this
effect is tempered by the more compact nature of galaxies, which leads to higher
epicyclic frequencies that limit the collapse on larger scales. The need to include the
k term is apparent from our HII region luminosity functions: without it, a factor 10
increase in disc surface density would correspond to an increase in clump luminosity
of 1000x, and we do not observe such a large increase.

To summarise, we find that our simple theoretical model is in good agreement
with the observations and suggests that the evolving ‘clumpiness’ of galaxies is
a manifestation of the different characteristic mass of the Hil region luminosity

function, which is driven by evolution in the gas fraction with redshift.
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3.6 Conclusions

We have used HST/WFC$3 to obtain narrowband Ha imaging of eight gravitationally
lensed galaxies at z ~ 1 — 1.5. The magnification provided by the lensing enables
us to reach spatial resolutions in the source plane of 68 — 615 pc. In addition, to
provide comparisons we have re-analysed the lensed z ~ 2 sample observed with
Keck/OSIRIS by lJones et all (2010), the Rodriguez-Zaurin et al. (2011) sample of
z < 0.13 (U)LIRGs observed with VLT/VIMOS and the Ha narrowband imaging
of the z = 0 SINGS survey (Kennicutt et all, 2003).

The high-z samples have ‘clumpy’ morphologies, dominated by a few large re-
gions of high Har luminosity, which we use as a proxy for the SFR. We have extracted
star-forming clumps from the galaxies in each sample and examined their proper-
ties. The clumps follow similar SFR-size scaling relations in all samples, but the
normalisation of the relation exhibits systematic offsets to higher surface brightness
at higher redshifts. The normalisation appears to be approximately constant within
a given galaxy, implying that this relation is driven by global galaxy properties.

On comparison with the properties of the host galaxies, we find that all samples
follow approximately the same scaling relations between the clump surface brightness
and both the host galaxy’s total Ha luminosity, Ly, and its average surface density
of star formation, Xgpg, and that they evolve along this relation in decreasing Ly,
and Ygpr with decreasing redshift.

We have measured the luminosity function of clumps in the samples, and shown
that the z ~ 1 — 1.5 sample is similar to the higher- Ly, members of the SINGS

sample. When normalised by the host galaxies’ total SFR, the SINGS and z ~ 1—-1.5
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samples can be fit by the same Schechter function, while the ULIRGs and z ~ 2
samples are offset horizontally. This shift can be explained by an increase in the
characteristic mass of the HiI region luminosity functions of the ULIRGs and z ~ 2
discs.

We present a simple theoretical model which shows that the evolution in lumi-
nosity and surface brightness are connected, and are driven by the competing effects
of disc surface density >4 and the epicyclic frequency . Galaxies at high redshift
tend to have higher >4, which increases the maximum mass of clumps that are able
to form; however, this is tempered by the more compact nature of high-z galaxies,
implying higher s, which impedes collapse on the largest scales.

We have shown that this model is consistent with the evolution in clump prop-
erties seen in our data. We therefore conclude that the clumps observed in high-z
galaxies are star-forming regions analogous to those found locally but with higher
masses and surface brightnesses. As HII regions in the distant Universe are larger
and brighter, they give rise to the ‘clumpy’ appearance. The increase in clump
luminosity is driven primarily by increasing gas fractions at high-z. This clearly
motivates further study with ALMA to better quantify the evolution of gas proper-

ties in high-z galaxies.



Chapter 4

Observational limits on the gas

mass of a z = 4.9 galaxy

4.1 Overview

We present the results of a search for molecular gas emission from a star-forming
galaxy at z = 4.9. The galaxy benefits from magnification of 22 £ 5x due to strong
gravitational lensing by the foreground cluster MS1358+4-62. We target the CO(5-4)
emission at a known position and redshift from existing Hubble Space Telescope/ACS
imaging and Gemini/NIFS [O11]3727 imaging spectroscopy, and obtain a tentative
detection at the 4.3 ¢ level with a flux of 0.104 & 0.024 Jykms™!. From the CO
line luminosity and adopting a CO-H, conversion factor a = 2 Mg, (Kkms™ pc2)_1,
we derive a gas mass My ~ 170 x 10°My. Combined with the existing data,
we derive a gas fraction Mgas/ (Mgas + M,) = 0.5970 05, The faint line flux of this
galaxy highlights the difficulty of observing molecular gas in representative galaxies

at this epoch.
108
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4.2 Introduction

Extensive studies of optically-selected star-forming galaxies seen at the epoch of peak

cosmic star-formation density (z ~ 2) have revealed star-formation rates (SFRs) of

10-100 Moyr—! and stellar masses of ~10*°~1 M. (e.g. Daddi et al., [2010a; Forster

Schreiber et al., 2009; [Law et all, 2009; Tacconi et all, 2010). If these SFRs have

been continuously maintained, then these galaxies must have undergone their first

major epoch of stellar mass assembly 1-2 Gyr earlier, at 2 ~ 5, when the bulk of the

star-forming population was ~ 5x less massive (McLure et _all, 2009; [Stark et _all,

2010; Verma et all, 2007).

The star formation within these galaxies is fuelled by reservoirs of predominantly
cold molecular hydrogen, Hy. Since the Hs is not directly detectable, CO emission at
millimetre wavelengths has been employed to trace the cold molecular gas. However,
exploring gas properties of galaxies beyond z ~ 3, is challenging; not only does the
apparent surface brightness reduce as (1 + z)™%, but the galaxies themselves also
appear systematically smaller and intrinsically fainter making detections of their
molecular gas emission difficult.

To date, studies of molecular line emission at z > 3 have been limited to extreme

populations such as gas-rich quasars (e.g. Walter et _all, 2009) and submillimetre

galaxies (SMGs; |Carilli et al., 2010; (Coppin_et_all, [2010; Riechers et al., 2011).

Detecting typical star-forming galaxies at z > 3 has proven difficult because the CO

line luminosities are usually below the sensitivity limits of current facilities (Davies

et al., 2010; [Stanway et al., 2008).

However, it is still possible to study less active high-z galaxies which are strongly
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gravitationally lensed by massive galaxy clusters. The magnification provided by
gravitational lensing has enabled detections of molecular gas in a number of star-
forming galaxies up to z ~ 3 (e.g. Baker et all. 2004; |Coppin et al., [2007: Danielson
et al., 2011; [Riechers et all, [2011), and more recently z ~ 4 — 6 (e.g. [Combes et al.,
2012; |Cox et all, 2011). The physical properties of the interstellar medium appear
similar to those in local ULIRGs, with high gas fractions, high densities and intense
UV radiation fields.

Franx et al. (1997) reported the detection of a multiply-imaged z = 4.9 galaxy
which is gravitationally lensed by the massive galaxy cluster MS 1358+62. Correct-
ing for lensing, this galaxy (hereafter MS1358-arc) appears to be representative of
the star-forming population at this epoch (its lensing-corrected apparent magnitude
is 14p=24.9, marginally brighter than the characteristic luminosity of 4,5 = 25.3
at z ~ b; |Ouchi et all2004). [Swinbank et al) (2009, hereafter S09) carried out a
detailed study of one image of the MS1358-arc system, using optical and infrared
imaging combined with integral field spectroscopy, revealing a rotating system across
2kpc in projection, with star formation occurring in five bright clumps.

In this chapter, we report observations with the Plateau de Bure Interferometer
to search for CO(5-4) emission in MS1358-arc. Throughout, we adopt a ACDM

cosmology with Hy = 70 kms~! Mpc™!, Q4 = 0.7 and Q,, = 0.3.

4.3 Observations and Data Reduction

The MS1358+62 system is illustrated in Figure [A.1] with the positions of the two

images of MS1358-arc marked (Table L1)). We estimate the amplification of each
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image using the lens model of Richard et all (2008) with LENsTOOL (Jullo et all,
2007; [Kneib, 1993), with errors accounting for the magnification gradient across the
image. The combined magnification factor for Image 1 and 2 is y = 22 £ 5.

To search for the CO(5-4) emission, we observed MS1358-arc with the IRAM
Plateau de Bure Interferometer (PdBI; |Guilloteau et al., [1992), using six antennae
in D (compact) configuration. The pointing centre was asgog, d2000 = 13 : 59 :
48.7,462 : 30 : 48.34, and the frequency was tuned to the CO(5-4) transition (rest
frame 576.2679 GHz) redshifted to 97.185 GHz (based on the [O11]-derived systemic
redshift of z = 4.929640.0002 from [S09). The observations were made between 2010
June 4 and 2010 June 6 with total on-source time of 10 hours, using WIDEX, the
new high-bandwidth correlator, with a resolution of 2.5 MHz. The star MWC349
was observed as the primary flux calibrator, with the quasars 17494096, 0923+392
and 21454067 as secondary flux calibrators. Receiver bandpass calibration was
performed against 09234392 and 3C454.3, and 14354638 and 14184546 were used
for phase and amplitude calibration.

The data were reduced with the GILDAS software package (Guilloteau & Lucas,
2000) and resampled to a velocity resolution of 38.6kms~!. The synthesised beam
is a Gaussian ellipse with a FWHM size of 5.6 x 4.3” at a position angle of 111°.

The PdBI observations were centred on the two brightest images of the z ~ 5
galaxy. The images are both within 6” of the pointing centre, whereas the primary
beam of PdBI at 3mm is 50”; we have therefore not corrected for primary beam
attenuation, which is negligible. First, we construct a channel map from a 90kms™*

window around the CO(5-4) emission line centred at the systemic redshift, and
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Table 4.1. Positions of the three images of MS1358-arc within the Plateau de Bure field
of view and the mean linear magnification factor (u). The position of the third image is
included for completeness, but is excluded from our analysis as it lies outside the primary

beam.

Image RA (J2000)  Dec (J2000) i

Image 1 13"59™48.684° 62°30'48.54" 12.443
Image 2 13"59™49.430° 62°30/45.13" 9.5 44

Image 3 13"59™54.746° 62°31’5.21”  2.940.1

show as an inset in Figure [4.1] with contours at +1¢ intervals. The positions of the
images within the PdBI cube are determined by aligning the cube with the HST
image and taking the centre of the corresponding pixels.

We also extract spectra from these positions and show these in Figure [4.21 In-
dividually, the two images are clearly extremely faint; by comparing the Ax? of
a Gaussian profile to that of a continuum-only fit, measuring the noise over a
1200 kms™! channel, the significances of the CO(5-4) emission lines in Images 1
and 2 are 3.30 and 2.70 respectively. However, since they are separated by more
than one beam width, we can improve the signal to noise by coadding the spectra
at the two positions using uniform weights (Figure [£2]); we then obtain a 1o rms
channel sensitivity of 0.4mJy. Again comparing the y? of a Gaussian profile fit to
that of a continuum-only fit, we use the Ax? to derive a significance level of 4.3 ¢

for the coadded CO(5-4) emission line.
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Arc Seconds

20 10 0 -10 -20
Arc Seconds

Figure 4.1. Hubble Space Telescope (HST)/ACS image of the core of MS1358+62. The
squares mark the extent of the pixels in the PdBI cube used to extract the spectra shown in
Figure A Plateau de Bure channel map constructed from a 90kms~! window around
the systemic velocity of the CO(5-4) line is shown as an inset. The PdBI synthesised beam
size is indicated by the dotted ellipse in the inset. Contours are shown in +1¢ intervals,
with negative contours indicated by dashed lines. The origin of the HST image coordinate

system is (a0, d2000) = (13759™51.4%, +62°30'52.5").
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Whilst the emission line centroid is extremely well-matched to the best-fit red-
shift of the nebular emission, the line is weak, highlighting the difficulty of these
observations even with long integrations. We perform a number of tests to validate
the robustness of the detection. First, we check how often a detection is made when
coadding two random spectra from the original (non-coadded) cube. We generate
1000 combinations of two randomly-selected pixels on the map (excluding pixels
which lie within one beam of MS1358-arc), then fit a Gaussian profile to the result-
ing coadded spectrum and compare this to a continuum-only fit. The probability
of finding an emission line of equal significance to the target from two randomly-
selected positions with a velocity centroid lying within £150kms—! of the redshift
of MS1358-arc and a line width in the range ¢ = 30 — 250 kms~! is 0.05%.

The CO(5-4) emission line we measure is centred at z = 4.9297 £ 0.0001 with
a line flux of 0.104 & 0.024 Jykms~! and Full Width at Zero Intensity of FWZI
= 150420 km s—!, comparable to the velocity gradient measured across the source by
S09. Error bars are obtained by fitting a Gaussian profile to the line and perturbing
it in intensity, velocity and width to obtain a A x? = 1 error surface, using a Monte
Carlo routine with 10° realisations centred on the best fit.

We also construct a coadded channel map from the PdBI cube by extracting
regions centred on the two images and co-adding them. The coadded cube is then
spatially convolved with the PdBI beam, and spectrally convolved with a Gaussian
with FWHM = 100 kms~!. We estimate the noise at each spatial position using the
off-line spectrum at that position, and divide the signal in the on-line slice of the

convolved datacube by this noise map to construct a signal-to-noise map, shown in
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Figure 3l We find that 99.95% of the pixels have lower signal-to-noise than the
target. This is equivalent to a detection significance of 3.5 o.
In the following analysis, we treat the line flux as 0.104 4 0.024 Jykms~!, but

discuss the implications of treating it as an upper limit in Section [4.5

4.4 Results, Analysis and Discussion

4.4.1 CO Dynamics, Luminosity and Molecular Gas Mass

Using the combined spectrum of Images 1 and 2, we first estimate the line luminosity
and gas mass. Following [Solomon & Vanden Bouti (2005), the line luminosity is
Looe_ay = (3.6 £0.8) x 10°Kkms~! pc’. Adopting a magnification factor of p =
22+ 5, this indicates an intrinsic Ly = (1.6 £0.5) X 108 Kkms™ pc?.

To convert this CO(5-4) luminosity to a total molecular gas mass, we must first
estimate the corresponding CO(1-0) line luminosity. We therefore exploit recent
observations of z = 2 — 4 galaxies where the ratio L’CO(5_ " / L’CO(1 o) has been mea-
sured directly and adopt L60(574)/L’CO(170) = 0.32 £ 0.05 (Bothwell et al., 2013),
which we note is consistent with the ratios found by Danielson et all (2011) and
Carilli et _al! (2010). Applying this ratio to MS1358-arc, we estimate L60(1—0) =
(5.0 4+ 1.7) x 108 Kkms™! pc?.

To derive the molecular gas mass My, from Llcou—o)v we assume Mgas = O‘L/cou—o)
where « is the coefficient relating the CO to Ho+He gas mass. We can derive an
absolute lower limit for o by assuming that the molecular gas is enriched to so-

lar metallicity and is optically thin to CO radiation. From [Ivison et al. (2010),
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Figure 4.3. Upper: The coadded PdBI signal-to-noise channel map, constructed by
extracting and coadding regions around each of the two images of MS1358-arc, convolved
spatially with the beam and in the spectral direction with a Gaussian profile with FWHM=
100kms~!, and then dividing each pixel by its noise. The combined image of the two
targets is located in the centre of the map. The solid lines are intensity contours in +1o
intervals, with negative contours indicated by dashed lines. The beam size is indicated
by the black ellipse line in the lower right-hand corner. Lower: Cumulative histogram of
the signal-to-noise in the map, with the central pixel marked as a red dashed line. We
find that just 0.05% of pixels have higher signal-to-noise than the emission seen from the

source, suggesting a 3.50 detection.
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we have a > 0.7Mg (Kkms™! pcz)fl, which is consistent with the value a =

0.8 Mg, (Kkms ! pc?)” " applied to local (Ultra) Luminous InfraRed Galaxies ((U)LIRGs;
Solomon & Vanden Bout, 2005). However, recent studies of high-z star-forming
galaxies have suggested that a ~ 2 Mg (Kkms™! ch)fl may be a more appropriate
conversion factor (e.g. [Danielson et all, 2011; Ivison et al., 2011)). Adopting this
value, we find My,s = 11 s x 10° Mg, where we conservatively estimate a factor of

2x uncertainty in a.

Combining our gas mass estimate with the stellar mass M, = 7 £ 2 x 10® M,
derived by IS09, we obtain a total baryonic mass of Mparyon = My + Mgas = 1.71%'2 X
10°M,. This is consistent with the dynamical mass within 2kpc derived by IS09 of
Mgy, = 3£ 1 x 10 csc?(i) M, if the inclination is high.

The gas fraction fyas = Mgas/ (Mgas + M,) is typically < 10% in local large spiral
galaxies (Young & Scovilld, [1991)), or ~ 33% in local ULIRGs (Solomon et all, 11997).
Other studies of molecular gas in high-redshift galaxies are beginning to find a trend
for higher gas fractions at higher redshifts (Geach et al., 2011; Tacconi et al., 2010),
which is in line with expectations from hydrodynamical simulations (Crain et al.,
2009). For MS1358-arc, we find fy.e = 0.597 5. To determine the error bars, we use
a Monte Carlo method taking random samplings from distributions of Mg, and M,
with Gaussian statistical errors on the measurements and a uniform distribution of
values of . The errors represent the interquartile range of the resulting distribution
of gas fractions.

In Figure [4.4], we compare the gas fraction of MS1358-arc to samples at lower

redshift (see also |Geach et al., 2011). The sample size is currently too small to draw
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any firm conclusions, and there are of course significant selection effects involved.
We therefore caution that there are limits to the extent of any physical interpretation
of this result, although it clearly motivates a uniformly-selected survey of the gas
properties of high-redshift star-forming galaxies.

We can also use the dynamics of the [O11] emission to test whether the molecular
gas is colocated with the star formation. In Figure [£2] we overplot the redshifts
of the two brightest star-forming knots, which are located at 150kms~! from the
dynamical centre. Hence, if the CO gas traced the [O11] emission we would expect a
FWZI of ~ 300kms~!, higher than the observed line width. This may indicate that
the CO emission is associated with the dynamical centre of the galaxy rather than

being concentrated in the star-forming regions or associated with the outflowing

Lya and UV-ISM lines (S09).

4.4.2 Gas depletion timescales

S09 derived a star formation rate (SFR) of 42 + 8 Mg yr~! using the [Kennicutt
(19984) conversion from [On] luminosity to SFR. We note that this conversion is
consistent with the empirical correction to this calibration of |Gilbank et al. (2010),
which accounts for the metallicity dependence of the [O11]-derived SFR.

If MS1358-arc has sustained this SFR continuously, then the time taken to build
up the current stellar mass of 742 x 10® M, is just Tuq ~ 17 Myr (consistent with
the age and star formation history used to derive the stellar mass). This suggests
we may be seeing this galaxy in its first epoch of star formation. If this SFR is

maintained at a constant level, the gas supply of 1 x 10° Mg, will be exhausted in
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Figure 4.4. Evolution of the molecular gas fraction with redshift in star-forming galaxies.
We compare MS1358-arc to the z = 0 sample of [Leroy et all (2008), the median gas
fractions of the high-z LIRGs from Daddi et all (2010b) and the median of each redshift
bin of the [Tacconi et all (2010) (U)LIRG sample. We also use the lensed ULIRG from
Kneib et all (2005), lensed LBGs from [Riechers et all (2010) and high-z SMGs from
Bothwell et al. (2013), Riechers et all (2010) and [Walter et all (2012), all converted to
a = 2Mg (K kms™! pCQ)_l for consistency. The lines are the predictions from semi-
analytic models for galaxies with SFR > 1,10,100 M yr~! (Lacey et al. in prep). From
the limited data available, there is apparent evolution in the molecular gas fraction with

redshift, broadly consistent with the semi-analytic models.
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~ 24 Myr, which would place the galaxy ~ 40% of the way through its starburst.
The star formation ‘lifetime’ of this galaxy would thus be very short compared to
that inferred indirectly for the LBG population at z = 4 — 6, which have implied
starburst lifetimes of < 500 Myr (Stark et all, 2009), but is consistent with the
lifetime of the starburst-triggered ‘LBG phase’ predicted by semi-analytic models
(Gonzalez et al., 2011).

Finally, we note that the ratio between far-infrared luminosity and molecular gas
mass, Lpr/Mp,, gives the star formation efficiency (SFE), relating the ongoing star
formation to the available molecular gas.

Knudsen et al. (2008) obtained an upper limit on the 850 ym flux of MS1358-
arc of Sgs0 < 4.8mJy which, accounting for the lensing magnification and using
the Sgss0 — Lpr calibration of [Neri et al. (2003), suggests a far-infrared (FIR) lu-
minosity Ly < 3.5 x 101 Lg (we note that if we assume that the FIR flux is re-
emitted light from dust-obscured star formation and apply the [Kennicutt (1998a)
relation to our [O11]-derived SFR, we obtain Ly = (2.3 & 0.9) x 10! L, which
is consistent with this upper limit). We thus obtain SFE < 240Lg Mél. For
comparison, the median SF'E in local ULIRGS is 49 + 6 L M51 when corrected
to a = 2Mg (Kkms 'pc?) ", although this rises to 172 + 23Lo MZ! if a =
0.8 M, (Kkms™! pc2)71, which is the factor commonly applied to ULIRGs (Sanders
et al., [1991), while SMGs give SFE ~ 5517 Lo, M! for a = 2 Mg (Kkms™! ch)fl

(Bothwell et all, 2013). Our upper limit is consistent with these values.
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4.5 Conclusions

We have used the IRAM Plateau de Bure Interferometer to search for the CO(5-
4) emission in a z = 4.9296 galaxy lensed by the foreground cluster MS1358+-62.
We were able to observe two images of the galaxy simultaneously, with a total
magnification factor of 22 & 5x. We measure a line flux of 0.104 £ 0.024 Jykms™!
at the position of the galaxy, yielding a detection at 3.5-4.30.

The molecular gas shows a relatively narrow velocity range around the systemic
redshift, unlike the [O11] emission, which mainly arises from two clumps in the galaxy
at £150kms~!. This may suggest that the gas is more centrally concentrated than
the star formation.

We derive a total gas mass My,s = 1156 x 10° My, suggesting that this galaxy
has a gas fraction fgs = 0.5975:3, which is similar to the most gas-rich galaxies
at z ~ 2. This could imply that gas fractions do not continue to rise significantly
beyond z ~ 2, though a larger sample is clearly needed to draw any conclusions.

Finally, given the tentative nature of the detection, we consider the implications
of treating the measured flux as a 40 upper limit. In this case, the resulting gas mass
Mygas < 1 x 10° Mg, would be lower than expected given the stellar and dynamical
masses derived by IS09, and the gas fraction would be fgas < 0.6. This would also
imply a gas depletion timescale of < 24 Myr, placing the galaxy more than 40% of
the way through a short starburst.

Our observations highlight the difficulty of measuring gas properties of ‘represen-
tative’ star-forming galaxies at z ~ 5, an era when many of today’s massive galaxies

may be undergoing their first major episode of star formation. Probing their basic
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properties - their stellar and gas content and relation to star formation - will provide

important physical quantities which galaxy formation models must reproduce.



Chapter 5

Resolved spectroscopy of
gravitationally lensed galaxies at

l<z<4

5.1 Overview

We present adaptive optics-assisted integral field spectroscopy around the Ha/[N1i]
or H3/[O111] lines of 12 gravitationally-lensed galaxies obtained with VLT /SINFONTI,
Keck/OSIRIS and Gemini/NIFS. We combine these data with the previous observa-
tions of 5 lensed galaxies from [Jones et all (2010) and use the data to investigate the
dynamics and star formation properties of 17 galaxies at 1 < z < 4. The galaxies
all benefit from magnification due to gravitational lensing by foreground clusters of
1.4—90x, resulting in effective spatial resolutions of ~ 80—700pc. The magnification

also allows us to probe lower star formation rates and stellar masses than unlensed

124
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samples; our sample have dust-corrected SFRs derived from Ha or HfS emission of
~ 0.8 —40 Myyr~!, and stellar masses M, ~ 4 x 10® —6 x 101° M. All of the galax-
ies have velocity gradients, with 15 out of 17 exhibiting velocity profiles indicative
of rotation, and 11/17 having centrally-peaked velocity dispersion profiles and high
v/o indicative of rotating disc systems. The rotating fraction of 65% is higher than
that found in unlensed studies, which is likely due to the greater spatial resolution
offered by the lensed sample. The merger fraction (29%) is similar to that found
in unlensed studies. We find that v/c increases with M, indicative of dynamical
settling, and we show that the galaxies in our sample are consistent with the local
stellar mass Tully-Fisher relation, with no evidence for evolution with redshift. We
extract 50 star-forming clumps with sizes in the range 60 pc - 1 kpc from the Ha (or
Hp) maps, and find that their surface brightnesses, ¥¢ump and the characteristic lu-
minosity at the break of the luminosity functions, Lg, evolve to higher luminosities
with redshift as log (Seump/Me yr~tkpe™) = (3.5£0.5)log (14 2) — (1.7£0.2)
and log (Lo/ergs™!) = (2.0 £0.7)log (1 + 2) + (41.0 & 0.2) respectively. Following
Livermore et al. (2012a), we show that this evolution can be described by fragmen-
tation on larger scales in gas-rich discs, and is likely to be driven by evolving gas
fractions, though this effect is partially offset by evolution in the epicyclic frequency
that acts to stabilise the discs. Using the kinematic data, we demonstrate that the
data are in line with the assumed evolution of disc dynamics. We also discuss the
origin of the high velocity dispersion seen in high-redshift galaxies, and demonstrate
that the sample is consistent with self-regulation to maintain a Toomre stability pa-

rameter () ~ 1, with turbulence driven by a combination of gravitational instabilities
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and feedback from star formation.

5.2 Introduction

Advances in observational facilities and instrumentation over recent decades have led
to a rapid accumulation of data on the statistical properties of galaxy populations
and their evolution with cosmic time. Most notably, it is established that the cosmic
star formation rate density peaked around z ~ 1 and has since declined by an order
of magnitude (Hopkins & Beacom, 12006; Lilly et all, [1996; Madau et all, [1996;
Sobral et _all, 2012b), and that more than half of the present-day stellar mass had
been formed by z ~ 1 (e.g. Dickinson et al., 2003; [Patel et _all, 2013).

The challenge now is to interpret these statistical trends and to uncover the
underlying physical processes at work. How did these early galaxies form their stars,
and what conditions have changed over time to result in the observed evolution of
their integrated properties?

Star formation is a complex process driven by the interplay of competing ef-
fects: self-gravitating gas is supported against collapse by turbulent motion and by
feedback in the form of radiation pressure from hot, young stars and active galactic
nuclei. An understanding of the evolution of star-forming galaxies therefore requires
an understanding of the evolving dynamics of galaxies at different epochs. A popu-
lation of rapidly star-forming galaxies at high redshift implies the presence of large
gas reservoirs. Since the dynamics of gas and stars are intrinsically different - stars
comprise a collisionless system, while gas is collisional and can dissipate energy -

it is to be expected that high-redshift galaxies will have systematically different
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dynamics to those found locally.

The advent of near-infrared Integral Field Units (IFUs) on 8-10m class telescopes
presented the opportunity to study two-dimensional velocity fields, without the in-
evitable light losses inherent in long-slit spectroscopy. IFUs enable spectra to be
obtained in each pixel of an image (or, equivalently, an image to be observed in a
series of discrete wavelength channels). The near-infrared IFUs used in this chapter

are:

e SINFONTI (SINgle Faint Object Near-IR Investigation) on the ESO/VLT (Eu-
ropean Southern Observatory/ Very Large Telescope). The SINFONTI field of
view is divided into 32 slices on the detector, resulting in 32 x 64 spectra of
the imaged region. In this work we use the 0.125” x 0.250” plate scale, for a

field of view of 8”7 x 8&”

e NIFS (Near-infrared Integral Field Spectrometer) on Gemini-North. NIFS
uses 29 spherical mirrors to reformat a 3”7 x 3”7 field of view into 29 slices,

each with an effective slit width of 0.17.

e OSIRIS (OH-Suppressing InfraRed Imaging Spectrograph) at Keck. OSIRIS
uses an array of lenslets to take 16 x 64 simultaneous spectra. The plate scale

used here is 0.1”7 per lenslet, resulting in a field of view of 1.6” x 6.4”.

At z = 1, the optical nebular emission lines such as Ha are redshifted into
the near-infrared, with [Or11] visible out to z ~ 5, providing bright tracers of the
underlying dynamics in ionised gas across a large redshift range.

[FU studies of the dynamics of high-z galaxies quickly revealed that a significant

fraction, around 1/3, are rotating systems in place as early as z ~ 2, but that
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they show higher velocity dispersions than local galaxies and ~ 1/3 are ‘dispersion

dominated’ non-rotators, with the remaining ~ 1/3 comprising merging systems

Epinat et 1,\2 09 ; [Forster Schreiber et all, 2006: (Genzel et _all, 2006; Law

et al., 2009, 2007; [Wright et al., 2007, 2009, see |Glazebrook, 2013 for a review).
A common feature in Ha maps of high-redshift galaxies from IFU studies is

the irregular, clumpy morphology of the Ha emission. These have also been ob-

served in high-resolution imaging (Cowie et all,[1995; [Elmegreen & Elmegreen, 2005;

Elmegreen et all, 2009, 2004) and termed ‘clump cluster’ or ‘chain’ galaxies. The

prevailing view is that these clumps form from internal gravitational instabilities in

gas-rich discs (Bournaud et al., 2010; [Elmegreen et al., 2009, 2007; (Genzel et al.,

2008); their ubiquity in galaxies with ordered rotation supports this view, as clumps

forming through major mergers would be expected to disrupt the dynamics (e.g.

Bournaud et al

,12011); Bournaud & Elmegreen, 2009; Dekel et al., 2009).

The study of dynamics and star formation morphologies of high-redshift galaxies
is hampered by spatial resolution. Even with adaptive optics, the current generation
of telescopes can achieve resolution of ~ 1—1.5kpc at z ~ 2. This limits the number
of spatial resolution elements, as not only are galaxies intrinsically smaller at high
redshift, but cosmological surface brightness dimming o< (1 + 2)4 limits observations
to the bright central regions. Beam-smearing also affects measurements of velocity

dispersion, which includes contributions from the underlying velocity gradient as

well as local turbulent motion, and can smooth out rotation curves to give slowly

rotating galaxies the appearance of being dispersion-dominated (e.g. Newman et al.,

2013; Wright et all, 2009).
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Enhanced spatial resolution can be achieved with current facilities by target-
ing galaxies that benefit from strong gravitational lensing by massive foreground
clusters. As well as stretching the galaxy images and thus increasing the spatial
resolution of observations, lensing conserves surface brightness, which means that
the total flux is effectively magnified. This enables us to study galaxies whose intrin-
sic luminosities lie below the detection limits of current surveys, opening up more
‘normal’ galaxies, where unlensed surveys have by necessity focused on the more
extreme star-forming population.

By taking advantage of magnification due to strong gravitational lensing, high
resolution dynamics in high-redshift galaxies have been observed, revealing a high
fraction to have ordered rotation (Jones et al., 12010; [Nesvadba. et _all, 2006, 2007;
Stark et all, 2008; [Swinbank et al., 2006, 2009). Star-forming clumps are also visible
in these galaxies, and due to the high spatial resolution can be observed on ~ 100 pc
scales, enabling direct comparisons with the HIiI regions in which stars form in
the local Universe (Jones et all, 2010; [Swinbank et al.; 2009). [Livermore et al.
(2012a) used Ha narrowband imaging to study clumps in star-forming galaxies at
0 < z < 2 and showed that both their surface brightnesses and luminosity functions
evolve with redshift, with the higher-redshift galaxies having more massive, brighter
clumps with higher surface brightnesses. The high-z clumps can be explained by
the same formation process as HII regions in local galaxies: a marginally stable disc
fragments on scales related to the disc’s Jeans mass. At high redshift, higher gas
fractions cause collapse on larger scales, leading to clumps large enough to dominate

the galaxy’s morphology. This factor alone, however, overpredicts the luminosities
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of high-z clumps. [Livermore et all (2012a) therefore suggested a contribution from
the epicyclic frequency, which is higher at high redshift and acts to stabilise the disc,
causing collapse on smaller scales.

This model effectively explains the evolution in observed clump properties, but
relies on the dynamics of the galaxies, which were derived from disc scaling relations
and not measured in the data itself. In this chapter, therefore, we use integral
field spectroscopy of lensed galaxies to examine the evolution of galaxy dynamics in
combination with the properties of star-forming clumps. The chapter is organised
as follows: we present the sample and describe the data reduction and derivation of
galaxy properties in Section B.3l In Section 5.4l we analyse the results and discuss
first the dynamics and then the star-forming clumps. We discuss the formation and
evolution of star-forming clumps in Section before finishing with a discussion
of the origin of the velocity dispersion. Finally, we summarise our conclusions in
Section Throughout, we adopt a ACDM cosmology with Hy = 70km s~ 'Mpc™!,

Qp =0.7 and Q,, = 0.3.
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Table 5.2. Observational log.

Name Instrument Date Grating Exposure NINT Total
time exposure
(s) (s)
MACSJ0744 NIFS 2010 11 14 H 600 4 2400
2010 11 16 H 600 2 1200
2010 11 22 H 600 14 8400
2011 02 11 H 600 4 2400
2011 02 12 H 600 4 2400
2011 02 15 H 600 4 2400
MACSJ0451  SINFONI 2009 10 18 H 600 4 2400
2009 10 19 H 600 4 2400
2009 11 10 H 600 4 2400
2009 11 11 H 600 4 2400
2009 11 12 H 600 4 2400
2009 11 17 H 600 4 2400
2009 11 19 H 600 8 4800
Abell1413 SINFONI 2010 07 11 K 600 4 2400
2011 05 26 K 600 4 2400
2011 06 29 K 600 4 2400
2012 02 12 K 600 4 2400
2012 03 18 K 600 4 2400

Continued on next page
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Table 5.2 — continued from previous page

Name Instrument Date Grating Exposure NINT Total
time exposure
(s) (s)
2012 05 20 K 600 8 4800
2012 06 02 K 600 4 2400
2012 07 16 K 600 4 2400
Abell1835 SINFONI 2009 04 30 K 600 4 2400
2009 05 16 K 600 12 7200
2009 05 26 K 600 4 2400
2009 06 28 K 600 4 2400
2009 06 29 K 600 4 2400
2009 07 24 K 600 4 2400
MS1621+-26 SINFONI 2010 04 02 K 600 4 2400
2010 07 13 K 600 4 2400
2010 07 20 K 600 4 2400
2010 07 22 K 600 4 2400
2010 07 26 K 600 8 4800
2010 07 27 K 600 4 2400
2010 08 30 K 600 4 2400
2011 03 05 K 600 4 2400
RXJ17204+26 SINFONI 2010 07 10 K 600 4 2400

Continued on next page
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Table 5.2 — continued from previous page
Name Instrument Date Grating Exposure NINT Total
time exposure
(s) (s)

2010 09 15 K 600 4 2400
2011 04 02 K 600 4 2400
2011 04 25 K 600 4 2400
2011 05 02 K 600 8 4800
2011 06 30 K 600 4 2400
2011 07 29 K 600 4 2400
2011 08 22 K 600 4 2400
2011 08 24 K 600 4 2400

Abell1689 SINFONI 2009 0509 H+K 600 8 4800
2009 0525 H+K 600 4 2400
2009 05 27  H+K 600 8 4800
2009 07 23  H+K 600 4 2400
2010 0316 H+K 600 8 4800

Abell2895a SINFONI 2011 06 25 K 600 4 2400
2011 07 22 K 600 8 4800
2011 08 24 K 600 8 4800
2011 08 26 K 600 8 4800
2011 09 04 K 600 4 2400

Continued on next page
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Table 5.2 — continued from previous page

Name Instrument Date Grating Exposure NINT Total
time exposure
(s) (s)
Abell2895b SINFONI 2011 09 04 K 600 4 2400
2011 08 25 K 600 4 2400
2011 08 28 K 600 4 2400
2011 09 05 K 600 4 2400
2011 09 08 K 600 8 4800
2011 09 10 K 600 8 4800
2011 09 12 K 600 4 2400
2011 09 24 K 600 8 4800

5.3 Observations and Data Reduction

5.3.1 Integral Field Spectroscopy

Table B.1] lists the galaxies in our sample, which were selected from clusters with
existing mass models, and to have spectroscopically-confirmed redshifts that place
their Ha or Hf emission in windows of atmospheric transmission in the near-infrared
and away from OH emission lines. In order to ensure detection in ~ 5hours, we

targeted galaxies with integrated emission line fluxes of > 107 ergs~! cm~2, known
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either from prior spectroscopy or from pre-imaging (e.g. [Richard et all, 2011)).

The new sample comprises twelve galaxies, of which ten were observed with
the SINFONTI Integral Field Unit (IFU) on the ESO/VLT (Eisenhauer et all, 2003)
between 2009 April 30 and 2012 July 16, as listed in Table (.2l The SINFONI
targets were selected to be close to sufficiently bright stars for the use of NGS+AOQO,
resulting in a median FWHM = 0.2”. As the lensed arcs are extended, usually over
several arcseconds, we used the 8” x 8" field of view with a spaxel size of 0.125”.
Due to the elongated shape typical of lensed arcs, the targets were kept in one half
of the IFU and nodded across in an ABBA sequence. We observed each target for
six ABBA sequences in the H or K-band filter according to the redshifted position
of the target emission line (see Table [B.1]).

The data were reduced using the ESOREX package, which performs flat-fielding
and wavelength calibration and reforms the image into a data cube with two spatial
and one spectral dimension. It also carries out sky subtraction by subtracting each
B frame from its closest A frame, which with our observing strategy results in cubes
that contain two images of the target, one positive and one negative. Standard stars
were observed on the same nights and in the same filters as the science exposures,
and were reduced in the same way. We used the standard stars to individually
flux-calibrate each cube before combining them.

To combine the cubes, we first cut them in half to separate the two images of the
target, and subtracted the negative image from the positive one. We then aligned
the cubes by collapsing them into continuum images. As the targets all lie behind

cluster lenses, they commonly have elliptical cluster members close to their line of
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sight. Where possible, a foreground elliptical galaxy was intentionally positioned
within the SINFONI field of view to allow for careful alignment between cubes.
Where this was not possible (in the case of Abell 2895), we aligned the cubes by
centring on a bright feature within the lensed galaxy. Once aligned, the cubes were
median-combined with the IRAF task imcombine with the crreject algorithm for
cosmic ray rejection.

In addition to the ten targets observed with SINFONI, we observed a z = 1.28
galaxy lensed by the cluster MACSJ0744 with Gemini/ Near-Infrared Integral Field
Spectrometer (NIFS; McGregor et al., [2003). As the target is too long to fit in the
3" x 3" field of view (see first panel of Figure [5.]), we observed in an ABC sequence,
where two halves of the arc were positioned diagonally across the field in the A and
C frames, and the B frame was a blank field used for sky subtraction. The A and C
frames were chosen to overlap at the foreground elliptical in the middle of the arc to
enable precise alignment of the A and C frames. We observed for 8 ABC sequences
with the H-band filter. Data reduction was carried out using the gemini package in
IRAF of both the science frames and standard stars observed on the same nights and
with the same setup as the science observations. Each cube was then individually
flux-calibrated and combined as for the SINFONI observations described above.

One further target, the spiral galaxy at z = 1.49 lensed by the cluster MACS
J1149.5+2223, was observed with Keck/OSIRIS. The observations and data reduc-
tion are described by [Yuan et al) (2011)), who use the data to show that the galaxy’s
metallicity gradient is strongly negative.

Throughout this chapter we also make use of the sample of six lensed galaxies
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observed with Keck/OSIRIS from lJones et al. (2010). They presented the resolved
kinematics of these galaxies, which we adopt in the first half of this chapter for
comparison with our new data. They also demonstrated that individual star-forming
clumps could be extracted from the data and discussed their properties in relation
to local Hir regions, deriving luminosity densities up to 100x higher than local
star-forming regions. So that they can be combined with the new data in a self-
consistent manner, we undertake a new analysis of the clump properties in this
sample in the latter half of this chapter, but our results are entirely consistent with
those presented by lJones et all (2010). One of these galaxies - MACSJ0451, observed
in Ha by Jones et all (2010) - is also included in the SINFONI sample, where we
observed it in Hf3 and [O111]. The combined sample of lensed arcs thus comprises 17

galaxies at 1.28 < z < 3.72.
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Figure 5.1. Image plane colour images and reconstructed source plane maps of the target
galaxies. The top-left image in each panel shows an HST image of the arc constructed
from archival ACS and/or WFC3 data, in colour where there are multiple bands in the
archive. The filters used are given in the lower-left corner of the image. The critical line
at the target galaxy’s redshift is overlaid in red. Where the IFU field of view cannot cover
the entire arc, it is shown as a dashed white box. The lower-left image shows the Ha or
Hp emission line flux, aligned to the same astrometry as the HST image for context. The
right four images in each panel show the source plane reconstructions: from top left to
bottom right, they show the Ha or Hf intensity maps, velocity fields, line-of-sight velocity
dispersion and velocity field residuals after subtracting the best-fit disc model. The star-
forming clumps are contoured over the intensity maps. Contours overlaid on the velocity
field show the best-fit disc model after smoothing by the effective source plane PSF, shown
by a magenta ellipse. As surface brightness is conserved by lensing, the image and source

plane intensity maps are displayed in terms of surface brightness, with the same scaling.
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Figure [5.1] (continued)
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5.3.2 HST imaging and lens modelling

Colour (where available) HST images of the target galaxies are shown in the top-
left panels of Figure 5.1l In order to determine the intrinsic properties of the target
galaxies, it is necessary to account for the effects of lensing. To do this, we use the
best fit cluster mass models (for details of the models, see the references in Table
B.1). Where the cluster’s critical line at the redshift of the lensed arc crosses the
field, it is overlaid in red. The critical line denotes regions of theoretically infinite
magnification, and arcs which cross this line are multiply imaged within the IF'U field
of view. To reconstruct the source-plane images of the galaxies, we use LENSTOOL
(Jullo_et_all, 2007; [Kneib, 1993) to ray-trace each pixel to its source-plane origin.
After using a central pixel to obtain the position of the galaxy in the source plane,
we construct a regular grid in the source plane, ray-trace each pixel to the image
plane and obtain the spectrum in that position by interpolating between pixels in the
IFU data cube. In the cases of Abell1835 and Abell2895b, the high magnification
gradient in the vicinity of the critical line causes this method to omit data from
the image plane. For these galaxies, we therefore carry out the process in reverse
by ray-tracing each pixel from the IFU data cube to the source plane. This results
in an irregular grid in the source plane, which is gridded into square pixels using a
Delauney tessellation. Once the source plane cubes have been constructed, we apply
conservation of surface brightness to each pixel to obtain the intrinsic source plane
flux. The magnification factor p for the galaxy given in Table [5.1]is then the ratio
of image- to source-plane flux measured from the Ha or HS emission lines.

With both methods, the source plane pixel scale is chosen so that each pixel in
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the IFU data cube is represented in the source plane, and we impose a lower limit
of 0.001” to ensure manageable file sizes. The pixel scale is therefore dictated by
the direction or region of highest magnification. Gravitational lensing usually acts
preferentially in one direction, and galaxies lying close to the critical line will experi-
ence strong magnification gradients. Hence, the source plane cubes are oversampled
both in the direction of lower magnification and in regions of the galaxy that lie
furthest from the critical line. To estimate the actual resolution achieved, we apply
the same reconstruction as described above to the standard star observations and
measure the FWHM in the image and source plane. The result is an ellipse, shown
in magenta in Figure 5.1

In order to estimate the errors on the magnification factors for each galaxy, we
use the family of 100 best-fit lens models. We use LENSTOOL to reconstruct the Ho
or HS intensity maps for each galaxy for each one of the possible lens models, and
then measure the ratio of image- to source-plane flux in each. The 1o deviation in the
derived magnifications are given in Table 5.1l as the error on the total magnification.
As we measure the magnification for the purpose of this chapter from the Ha (or
Hp) line intensity (effectively a weighted mean), the largest errors are found where
there is a large magnification gradient across the arc without strong constraints on
the mass distribution of the primary lensing source. The largest fractional error,
35%, is found in MACSJ0744, due to the strong magnification gradient across the
image arising from lensing by the foreground cluster galaxy positioned along the
line of sight to the arc. The smallest error, 5%, is found in Abell1835, which also

has a strong magnification gradient, but in this case the two images straddling the
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critical line provide good constraints on the precise position of the line. We note
that changing the lens model tends to result in the galaxy image being stretched
differently, so that the effective resolution described above would change, but the
underlying morphology cannot be materially altered. Crucially for the discussion in
the latter half of this chapter, new features such as clumps cannot be created during

the lensing reconstruction.

5.3.3 Dynamical maps

With both the image- and source-plane cubes, we fit the intensity, velocity and
velocity dispersion of the emission lines in each pixel using a y? minimisation tech-
nique. In each pixel, we simultaneously fit the Ha and [NuJA6583 or Hf and
[O111]AN4959,5007 lines. To reduce the number of parameters in the fit, we re-
quire all lines to be of the same velocity and velocity dispersion, and we impose a
ratio of [O11]A 5007/X 4959 = 3 (Storey & Zeippen, 2000). The fit is accepted if it
results in a Ax? > 25 compared to a straight-line fit, equivalent to a signal-to-noise
of S/N > 5. If no fit is obtained, we adaptively bin up to 3x3 pixels in the image
plane, or the equivalent area of 3x3 PSF areas in the source plane. We deconvolve
the velocity dispersion for spectral resolution by subtracting in quadrature the me-
dian width of sky lines measured from blank exposures taken with the standard
stars. The high spatial resolution of the source-plane cube means that most of the
contribution to the velocity dispersion of the velocity gradient across the galaxy is
removed. To remove the remainder, we subtract in quadrature the velocity gradient

across each pixel, measured over the PSF. For each parameter, we also estimate the
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errors in each pixel. Taking the best fit to the emission lines, we vary each parameter
until we obtain a Ay? > 1. We do not find any emission lines that are well fit by
multiple components at different velocities or line widths.

We show the resulting maps in Figure 5.1l In the bottom left of each panel is the
Ha or Hf emission line intensity from the image-plane IFU data, mapped to the same
astrometry as the HST image. The source plane reconstructions are in the right-four
images of each panel, showing the Ha or HB emission line intensity, the velocity and
velocity dispersion maps and the velocity residuals after subtracting the best-fit disc
models (contoured over the velocity map and described in Section [5.4.1]). We note
that as the velocity and velocity dispersion are fixed between multiple emission lines,
their values are dominated by the line with the highest signal-to-noise. In the case of
the HB/[O111] observations, the [O1]A 5007 line is far brighter than the HfS line; in
some cases we thus obtain velocity and velocity dispersion values in pixels where no
Hp is measured. We note that the method above is the same as that used by Jones

et al. (2010), so the properties derived from the two samples are self-consistent.

5.3.4 Disc modelling

To each of the velocity fields, we follow Jones et al. (2010) and attempt to fit a
rotating disc model and hence infer the true disc rotation speed and inclination.
The model is described by six parameters: the disc centre x and y, the asymptotic
rotational velocity vasym, the turnover radius r,, the position angle ¢ and inclination
0. The values of these parameters are constrained so that x and y are within the

range of the data, and r; < 50kpc, and rotation is described by an arctan function
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Table 5.3. Dynamical properties of the sample

Name Inclination PA V9.9 o v/r v/o Velocity field
0 (kms™!)  (kms™!) (kms~lkpcT!) type
MACSJ0744 61 266 80 £ 10 60 £+ 20 230 £+ 30 1.4+ 0.8 Disc
MACSJ1149 45 86 59 £ 3 50 £+ 10 88 + 4 2+1 Disc
MACSJ0451 55 100 100 £+ 10 7TE9 220 + 30 1.6 £ 0.6 Disc
Abell1413a 50 172 17+ 4 50 £ 10 24 £ 5 0.5+ 0.3 Disc
Abell1413b 66 249 20 £ 3 60 £ 20 8§+1 0.6 £ 0.3 Merger
Abell1835 89 236 40 £ 10 70 £ 10 4+1 0.2 £ 0.2 Dispersion Dominated
MS1621+4-26 84 247 126 £+ 4 60 £ 20 47+ 1 3+1 Merger
RXJ1720+26 70 144 63.2 £ 0.5 60 £ 20 271+ 0.2 04 +£0.2 Merger
Abell1689a 81 38 64+ 7 55 £ 1 180 £ 20 1+1 Disc
Abell1689b 80 234 78 £4 90 £ 10 53 £ 4 1.3+ 04 Merger
Abell2895a 85 260 60 £ 10 60 £+ 20 62 £ 3 1.9 + 0.7 Disc
Abell2895b 47 276 200 = 10 60 £ 20 530 = 30 4+2 Disc
Cl0024+16 50 122 91 £8 63 + 6 15+ 3 2.6 £ 0.3 Disc
10949 68 + 7 16 £ 3 Merger
MACSJ0712 40 351 33+3 (== 25+3 0.81+0.08 Disc
MACSJ0744b 45 124 118 £ 9 110 £ 10 210 £+ 20 24+ 0.2 Disc
MACSJ2135 55 113 51 +£4 44 + 4 55 + 5 1.9+ 0.2 Disc

Notes: Inclination and PA are derived from the best-fit disc models. vz 2 is the velocity at 2.2ry /5, where 71 /9

is the half-light radius. Velocity dispersion, o, is the luminosity-weighted mean local value, after deconvolving

for local velocity gradient. The velocity gradient v/r is measured at ry /5. Targets below the line are from

Jones et all (2010) with values reported in their Table 2, except for v 2, v/r and v/o, which we measure for

consistency with the new data. No values for 8, PA or vy 5 are given for C10949 as this galaxy cannot be fit by

a disc model.
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Figure 5.2. One-dimensional rotation curves (left) and velocity dispersion profiles (right),
extracted from a slit aligned along the axis of the best-fit disc model. For the galaxies
whose dynamics are well fit by a rotating disc model, we overlay the best-fit rotation curve

and velocity dispersion profile.
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(Courteau, [1997) of the form

o(r) = (%) Vasym arctan (%) . (5.3.1)

The fit is carried out with an iterative procedure whereby 10,000 random sets
of parameters are generated, and the resulting 2D velocity models are smoothed by
the effective source plane PSF of the galaxy. The x? is then calculated for each
one. The parameter space is contracted by discarding up to 10% of the worst fitting
models in each iteration. This process is repeated up to 100 times, and the fit
is deemed to have converged once all models in a generation have Ax? < 1. The
smoothed best-fit disc models are contoured on the observed velocity fields in Figure
6.1 and the velocity residuals after subtracting the best-fit disc model are shown in
the bottom-right image of each panel. The dynamical properties of the sample are
given in Table 5.3l

While it is always possible to fit a rotating disc model to the data, this is insuf-
ficient to determine that the galaxy is a rotating disc. A rotating disc should have
symmetric velocity and velocity dispersion fields, the latter peaking in the centre
of the galaxy. The traditional requirement that the velocity field form a ‘spider’
pattern is rarely found in lensed galaxies due to the asymmetric magnification (the
contours overlaid in Figure 5.1l demonstrate how much smoothing by the elliptical
source plane PSFs distorts even an idealised rotation field).

Jones et al. (2010) illustrate the symmetry of the kinematics in their sample by
extracting one-dimensional profiles along the kinematic axis, concluding that 5/6

of the galaxies have velocity profiles indicative of rotation, with one likely merger
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(Cl0949). In order to examine the symmetry in our new data, we extract a one-
dimensional profile of the velocity and velocity dispersion from each galaxy. We do
this by using the best-fit disc model to identify the dynamical centre and kinematic
axis of the galaxy. The velocity and velocity dispersion are extracted along a slit
five pixels wide, and binned into independent resolution elements along the long
axis according to the galaxies’ effective source plane PSF. The resulting dynamical
profiles for the 12 galaxies in our sample are shown in Figure 5.2l The best fit
one-dimensional rotation curves and exponential velocity dispersion profiles (where
applicable) are overlaid in red.

All of the galaxies in the sample exhibit velocity gradients, and all but one
(Abell2895a) are well-fit by an arctan function indicative of rotation. However,
the velocity dispersion profiles are less ordered. In Figure we attempt to fit
an exponential profile to the velocity dispersions. In 50% of cases the exponential
function is a good fit to the data. In two cases, Abell1413b and RXJ1720, there
is no central peak. Abell1413b is probably interacting with the larger Abell1413a,
from which it is offset by only ~ 1000kms~!, and the morphology of RXJ1720
with its extended tail suggests that it also may be an interacting system. In the
remaining four galaxies - MACSJ0744, Abell1413a, MS1621 and Abell1689b - there
are suggestions of a double peak in the velocity dispersion profile, which may also
be indicative of a late-stage merger. Alternatively, the irregular and asymmetric
profiles could be due to turbulence within the discs.

The kinematic properties of the galaxies are similar to those in the |Jones et al.

(2010) sample, which also exhibited rotation-like velocity fields with irregular veloc-
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ity dispersion profiles. The galaxies in the new sample tend to be smaller than those
from LJones et al! (2010), with median ry/, ~ 0.5kpc and 1.2kpc respectively, but
both lensed samples probe systematically smaller galaxies than unlensed studies such
as SINS+AO, SHiZELS and WiggleZ, which have median /5 ~ 4.3kpc, 2.3 kpc and
2.5 kpc respectively (Newman et all, 2013; [Swinbank et al., [2012; Wisnioski et _all,
2011)). The two lensed samples are closely matched in rotational velocity with me-
dian rotational velocity measured at 2.27/3 of vys ~ 64kms™' and 51kms™! for
the new data and Jones et all (2010) sample respectively (see §5.4.1] for a discus-
sion of why vy5 is used). The median rotational velocity in the WiggleZ survey is
marginally higher at 74kms™!, with ~ 110kms~! in SHIiZELS and ~ 150kms~! in
the SINS AO sample. There are two factors that bias lensing surveys towards more
slowly rotating systems: firstly, that they are sensitive to smaller galaxies, which
tend to be slower rotators (e.g. Newman et al., 2013, see also Section [(.4.1]), and
secondly, the high spatial resolution enables us to measure small velocity gradients
that would be flattened by beam smearing in unlensed data and thus categorised as
non-rotating.

As the properties of the two lensed samples are similar, and differ systematically
from the unlensed data, we discuss them in the remainder of this chapter as a
combined sample. In the interest of providing a comparison to other studies, we
give our best estimate of the nature of the galaxies in Table 5.3, but caution that

these are by no means certain.
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5.3.5 SED fitting and stellar mass estimates

In order to estimate the extinction due to dust and the stellar masses of our sample,
we model their spectral energy distributions (SEDs) from available archival HST and
Spitzer/IRAC imaging. We first subtract any foreground cluster members lying close
to the line of sight to the target galaxy, using the IRAF tasks ellipse and bmodel.
We then degrade all of the imaging for each galaxy to the poorest resolution, that
of the longest-wavelength IRAC' band. We then extract the photometry using an
elliptical aperture large enough to encompass the galaxy, with a 2”7 annulus for sky
subtraction. We apply aperture corrections to the IRAC fluxes based on the area
of the aperture used.

As the continuum light does not necessarily follow the same distribution as the
nebular emission, we do not assume the same magnification factor from gravita-
tional lensing; instead, the measured fluxes are corrected for lensing using the flux-
weighted mean magnification within the aperture, from magnification maps created
with LENSTOOL. The resulting magnification factors are within 1o of the values
given for the nebular emission in Table (.1l The complete photometry, corrected
for lensing, is given in Tables [5.4], and The number of available photometric
bands per galaxy ranges from 2 to 19; those with fewer bands have correspondingly
large errors in the quantities derived from the SED fit.

We perform the SED fitting using the CIGALE code (Noll et all,[2009). We use the
stellar population models of Maraston (2005), allow either exponentially decreasing
or continuous star formation histories and constrain the oldest stellar populations

to be younger than the age of the Universe at the target redshift. The CIGALE code
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Table 5.6. Spitzer /IRAC infrared photometry used for SED fitting. All fluxes are given

in pJy and are corrected for lensing. Upper limits are given at the 3o level.

Name IRAC IRAC IRAC IRAC

3.6pm 4.5pum 5.8pum Spum

MACSJ0744 1900 £ 300 1400 =+ 300

MACSJ1149 2000 £ 400 1500 =+ 300

MACSJ0451 360 £ 70 380 £ 70

Abell1413a 480 £ 90 490 £ 90

Abell1413b < 250 < 250

MS1621

RXJ1720 1900 =800 2200 =800 < 2500 < 1600

Abell1689a < 340 < 270 <700 <700

Abell1689b 140 + 30 140 + 30 <700 <640

Abell2895a < 400 < 500

Abell2895b < 300 < 230
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creates SEDs from the far-ultraviolet to the infrared based on a dust-attenuated
stellar population, infrared dust emission and spectral line templates. The best-fit
galaxy parameters are derived with a Bayesian-like analysis from the distribution of
probability-weighted best-fit models.

The stellar masses and dust extinction, Ay, obtained for each galaxy from the
SED fit is given in Table 5.7 We find stellar masses of M, = 4 x 108 — 2 x 101°M;
thus, lensing allows us to probe systematically lower mass galaxies than unlensed
samples such as SINS (median M, ~ 3 x 101°M; [Forster Schreiber et al., 2009) or
SHIiZELS (median M, ~ 2 x 10"Mg; Swinbank et all, [2012). The dust extinctions
we derive are in the range Ay = 0.3 — 1.1 with a median Ay ~ 0.8, similar to
those of SINS (Ay ~ 0.8; [Forster Schreiber et all, 2009) and SHiZELS (Ay ~ 0.9;
Swinbank et al.; [2012).

The stellar masses and dust extinctions of the lJones et al. (2010) sample and
Abell1835 of the new observations are derived by [Richard et all (2011) and given in
their Table 4. We note that the method used is similar to the one we employ, so the

results can be directly compared.

5.3.6 Integrated galaxy properties

We now derive some integrated properties of the sample, so that we can relate the
lensed galaxies to the population as a whole and explore how their internal structures
evolve as a function of their global properties.

A summary of the integrated properties of the sample is given in Table 5.7l Total

fluxes of the Ha or HB emission lines are calculated by summing every pixel in the
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Table 5.7. Integrated properties of the sample
Name Intrinsic fg, Intrinsic fug SFR T1/2 log M., Ay
(10~ "Pergs~'em™?) (Moyr—1) (kpc) (Mo)
MACSJ0744 18 £ 2 1.7+ 0.2 0.3 +0.1 9.2+ 04 09404
MACSJ1149 12 +£ 2 1.2 £+£0.2 0.6 £0.2 9.3+ 04 0.5+0.3
MACSJ0451 5+ 2 5+2 0.18 £ 0.03 8.8 £ 0.3 0.7+ 0.3
Abell1413a 34+ 4 6.6 £ 0.7 0.46 = 0.08 89+ 04 04403
Abell1413b 10£1 3.0£0.3 0.8 +0.3 < 8.6 1.0 £ 0.5
Abell1835 2.6 £0.3 0.8 £0.2 0.6 £0.2 88 +£0.2¢ 1.1 +0.3¢
MS1621+26 32+ 4 1141 2+1 10.3 £ 1.0 1.0 £ 0.5
RXJ1720+26 3.7+ 0.5 1.3+ 0.2 0.7+ 0.3 89+09 09+0.5
Abell1689a 0.7 £ 0.5 1.1 £0.2 0.3 £0.1 89+ 0.6 0.74+04
Abell1689b 1.0 £ 0.5 1.5+£03 0.23 £0.08 8.6 + 04 0.3 £0.2
Abell2895a 104 £ 0.1 22 +4 0.5+ 0.3 < 9.6 04 4+0.3
Abell2895b 9+3 27+£5 0.17 £ 0.09 <94 05£03
Cl0024+16 130 + 30 27T+ 6 1.8+£0.2 104 £0.1* 1.1 £0.2¢
C10949 50 £+ 10 20 £ 6 3.5+09 10.2+0.5* 1.0 % 0.0¢
MACSJ0712 28 £ 0.6 5.0=x0.1 0.5+ 0.2 1054+ 04 0.8+ 0.2¢
MACSJ0744b 8 £+ 2 244+ 0.5 1.2+0.2 10.0+ 0.1 0.8 £0.2¢
MACSJ2135 18 £ 2 40 £ 5 08+02 108+ 0.1* 0.7+ 0.1¢

Notes: All quantities are corrected for lensing magnification. SFR is calculated from the Ha or
H/ luminosity corrected for dust extinction based on Ay . The half-light radius 71 /2 is based on
the Ha or HB morphology as described in the text. A, and M, are estimated from SED fitting
of broadband photometry as described in the text, except for those marked (a), which are from
Richard et all (2011). Targets below the line are from lJones et all (2010), with SFRs given in
their Table 2 and half-light radii reported by [Richard et all (2011).
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Figure 5.3. Total galaxy SFR against stellar mass for the lensed arcs, in comparison

with other high-redshift kinematic studies. The lensed arcs are colour-coded by redshift.

The dashed lines indicate the star-forming galaxy ‘main sequence’ at z = 0, 1 and 2.5

(Whitaker et al), [2012). Comparison data are from SHIiZELS (Swinbank et all, 2012),

WiggleZ (Wisnioski et al), 2011) and the SINS AO sample (Newman et all, [2013), and

the grey cross indicates the typical error on the SINS points. The lensed arcs, as well

as the WiggleZ and SHiZELS samples, are similar to z ~ 1 main sequence star-forming

galaxies, though the lensed arcs probe the lower-mass end of the relation. The SINS AO

sample covers higher specific star formation rates, similar to the z ~ 2.5 star-forming main

sequence.
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source plane cubes with signal-to-noise > 5. We measure the total flux by fitting a
Gaussian profile to the emission lines, and the ratio of the total flux in the image
plane to that in the source plane gives the total magnification given in Table (.11

Intrinsic star formation rates (SFRs) in Table [i.7] are calculated from the Ha (or
Hp, assuming case B recombination) flux, corrected for dust according to the extinc-
tion Ay derived from SED fitting, by applying the [Kennicutt (1998a) prescription
corrected for a Chabrier initial mass function (IMF), which reduces the SFR by a
factor 1.7x.

To find the half-light radius 7/, we first construct an array in which each pixel
value is the distance from the dynamical centre, [i., j.], based on an estimated po-
sition angle, ¢, and inclination (6); the derivation of the dynamical centre, position
angle and inclination is discussed in Section [5.4.T]). The result is a series of concentric

ellipses with the galactocentric radius in pixel 7, 7 given by

xsingb—ycosqb)Q

3.2
cos (5-3.2)

Tij = \/(:ccosqﬁ—i-ys.ingb)2 + <
where © = |i —i.| and y = |j — j.|]. We then convolve this array with the flux-
weighted source plane PSF| to account for the fact that the preferential direction of
magnification causes the source plane images to appear stretched in one direction.
Starting from the dynamical centre, we then sum the flux within contours of
constant r, incrementing r until half the total flux is enclosed. This then gives the
half-light radius ry/, given in Table 5.7l The half-light sizes we find are in the range
7172 ~ 0.2 —2.1kpc. The half-light radii of the LJones et al. (2010) sample are 71/, =

0.5 — 3.5kpc. As noted in Section [0.3.4] we find galaxies that are systematically



5.4. Results and Analysis 163

smaller than those observed in unlensed samples due to the lensing magnification.
We illustrate the selection of the lensed galaxies in Figure [5.3] by comparing the
SFRs and stellar masses of the lensed arcs to similar unlensed samples. The lensed
sample covers a similar range of specific star formation rates (SSFR; SFR/M,) to the
unlensed SHiZELS and WiggleZ surveys, though the lensing magnification allows us
to probe lower stellar masses and SFRs. The SSFRs of these samples are similar to
the star-forming main sequence at z ~ 1 (Whitaker et all, [2012), whereas the SINS

galaxies have systematically higher SSFR, similar to the z ~ 2.5 main sequence.

5.4 Results and Analysis

5.4.1 Dynamics
Dynamical properties of the sample

From our best estimates of kinematic classification given in Table 5.3 we estimate
that 11/17 (65%) of the combined lensed sample are rotating discs, 5/17 (29%) are
probable mergers, and the remaining one is dispersion-dominated. The merger frac-
tion in our sample is very close to those in unlensed surveys, typically 1/3, but
we find a higher fraction of rotating systems, which typically make up 33-44% of
other samples (Epinat et all, [2012; [Forster Schreiber et al., 2009; [Law et al., 12009;
Wright et all, 2009). While the merger classification adopted is relatively insensitive
to spatial resolution, it is likely that many of the galaxies classed as ‘dispersion-
dominated’ in unlensed studies would present with velocity gradients given higher

spatial resolution. For example, Newman et all (2013) found that when the same 34
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Figure 5.4. Left: Relation between rotational velocity and half-light radius. Right:
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unfilled symbols mergers or dispersion-dominated systems. The lines show the best fits

to the data assuming a linear relation and a power law. The dashed line is the fit to

the SINS data from [Newman et al. (2013), and the dot-dashed line is a fit to all of the

samples. Comparison samples are included from the high-z lensed sources of lJones et al

2010), and the unlensed high-z IFU surveys SHiZELS (Swinbank et al., [2012), WiggleZ

Wisnioski et al), 2011)) and the SINS AO sample (Newman et all, 2013). The grey crosses
indicate the average error on the SINS points. The best fit power law to the SINS data is
also shown for comparison purposes. The intrinsically smaller lensed galaxies extend the

relation found in the non-lensed samples to smaller sizes, but with a weaker correlation.
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galaxies observed in seeing-limited conditions were re-observed with adaptive optics,
the fraction classified as dispersion-dominated fell from 41% to 6 — 9%. The one
lensed galaxy we classify as dispersion-dominated is Abell1835, but this galaxy lies
on the critical line so it is possible that we have not observed the whole velocity
gradient in this source. Alternatively, it could simply be a slow rotator.

The quantity v, /0 is a measure of the rotational support in a system. Galaxies
exist on a continuum in v, /0; they all have some degree of rotation, but those with
low v,0¢/0 values have a larger fraction of their kinematic support from random
motion rather than ordered rotation. Generally, a simple cut is applied, where
galaxies with v,4; /0 > 0.4 are considered rotating systems (Fdrster Schreiber et al.,
2009). Of our combined sample, only Abell1835 falls beneath this cut, with v,o /0 =
0.2 + 0.2. However, as discussed above, we may not have observed the full velocity
gradient in this galaxy. The galaxies that appear to be interactions or mergers -
Abell1413a, Abell1413b and RXJ1720 - all have marginal v, /o within lo of the
boundary between rotation-dominated and dispersion-dominated systems.

In non-lensed galaxies observed with adaptive optics, Newman et al. (2013) found
a correlation between v, /0 and the half-light radius rq 2. This was suggested to
be due to a relationship between wv.o; and 71,2, with larger galaxies having higher
rotation velocities. We add our sample to these relationships in Figure (.4l As
gravitational lensing allows us to observe intrinsically smaller galaxies, we are able
to extend these relations to smaller sizes, and we find that the correlations observed
in non-lensed data continue, but with larger scatter. Between v,o and 75, we find a

best fit relation of log (vyr) = 0.36 log 71 /2 + 1.9, with a Spearman rank correlation
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coefficient of p = 0.61 (where p = 0 indicates no correlation, and p = 1 implies
perfect correlation). This is a shallower relation than that found by INewman et al.,
who derive a slope of 0.73. While this could be an effect increasing the sample size,
it may also be an indication that a linear relation is more appropriate. The best-fit
linear relation is v,or = 23712 + 60. This provides a much better fit to the data
(A x% ~ 1300), with a slope similar to that found in the SINS sample at large T1/2,
but accounting for a ‘floor” in v, in smaller galaxies. It is also, as Newman et al.
point out, more physically motivated. There is no apparent systematic difference
between the disc-like (rotation-dominated) galaxies and those identified as mergers
or dispersion-dominated systems.

Comparing vret /0 to r1/; in Figure 5.4l gives similar results; we find higher scatter
at low 712, but there remains a weak positive correlation (Spearman rank correlation
coefficient p = 0.52) in the combined lensed and unlensed data. The best fit linear
relation is vyor/0 = 0.7 + 0.571/5. In this case, the data are better fit by a power
law with log (v,0/0) = 0.37log (7“1/2) + 0.09, but the difference between the two
fits (A x? ~ 20) is less significant. Disc-like galaxies typically have, by definition,
higher v, /0 than non-rotation-dominated systems. If we consider only the rotation-
dominated lensed arcs in Figure [5.4] there is some evidence for a flattening of vy /0
at low 71 /5.

In Figure 5.5, we plot stellar mass, M,, as a function of v,4 /0, finding that our
combined sample continues the relation observed in the non-lensed SINS+AOQO sample
to lower stellar masses, although with significant scatter. However, there is little

correlation with the unlensed SHiZELS and WiggleZ data. This could be because
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Figure 5.5. Relation between stellar mass, M,, and v,ot/0. The rotational velocity vyt
is corrected for inclination, and ¢ is the luminosity-weighted mean velocity dispersion,
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(Swinbank et al., [2012) and WiggleZ (Wisnioski et al., [2011) are also shown for comparison
with higher stellar mass systems at high redshift. The grey cross indicates the typical error
on the SINS data, and the dashed line is the best fit to the SINS + lensed samples. The
lensed samples continue the relation observed in the SINS data to lower stellar masses,
but there is little correlation observed in the SHiZELS and WiggleZ data, which are not
so well resolved. We find that lensed galaxies with high v, /0 tend to have high M.,

indicating that galaxies become more dynamically ‘settled’ as they build up more mass.
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they are observed with similar resolution to the SINS data, but have systematically
smaller sizes, and thus a larger contribution from beam smearing. The best fit to the
combined lensed and SINS+AO unlensed data is log (M,) = 1.21log (vyet/0) +9.7. If
we interpret vy /0 as a measure of the ‘order’ in a system, where v, measures the
ordered rotation and o constitutes turbulent or disordered motion, this relationship
suggests that galaxies become more ordered as they build up higher stellar masses,

a process described as ‘kinematic settling’ (Kassin et all, 2012).

The stellar mass Tully-Fisher relation

The Tully-Fisher relation relates the stellar content of galaxies to their rotational
velocity (Tully & Fisher, [1977). In a model in which gas cools from a dark matter
halo into a rotating disc, maintaining the angular momentum of its parent halo, the
Tully-Fisher relation is interpreted as a relationship between the baryonic content
of galaxies and the angular momentum of their dark matter halos. As such, it is a
key parameter that models of galaxy evolution must reproduce.

Attempts to place observational constraints on the redshift evolution of the Tully-
Fisher relation have had inconclusive results. Observations of the B-band Tully-
Fisher relation at high redshift demonstrate modest evolution, but are affected by
recent star formation and so evolution of the B-band mass-to-light ratio (Vogt et al.,
1996,11997). We therefore concentrate on the more physical stellar mass Tully-Fisher
relation, but this too has produced mixed results, with no coherent evidence of
evolution out to z ~ 2 (Conselice et all, 2005; |Cresci et al., 12006; [Flores et al., 12006;
Kassin et._al., 2007; Miller_et_al., 2011, 2012; [Puech et _all, 2008; [Swinbank et all,

2012; Vergani et al., 2012). [Miller et all (2013) found that bulgeless galaxies at
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Figure 5.6. The stellar mass Tully-Fisher relation. The stellar mass, M,, is estimated
from SED fitting to the available HST and Spitzer imaging. The rotation velocity vs o is

measured from the model rotation curves interpolated at a radius of r = 2.27y /5, where

712 is the half-light radius. The z = 0 data are from [Pizagno et al 2005), and the solid

line is the best fit to these points. High-redshift comparison data are from the z ~ 2 lensed

arcs of lJones et all (2010), the z = 1 lensed arcs of [Swinbank et al) (2006), the DEIMOS

z ~ 0.6 and z ~ 1.3 samples of [Miller et all (2011, 12012), the z ~ 2—3.5 SINS and AMAZE

surveys (Cresci et all, 2009; |Gnerucci et all, 2011) and the SHIZELS 0.84 < z < 2.3 sample

of Swinbank et al. (2012). The dotted line indicates the predicted evolution of the Tully-

Fisher relation at z = 2 from simulations (Crain et all, 2009). We colour-code our lensed

arcs by redshift, and show rotating disc-like systems with filled symbols, and mergers and
dispersion-dominated systems with open symbols. We find that most of our sample is
largely consistent with the z = 0 relation, but with significant scatter discussed further in

the text.
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high-z are the ones that show the greatest offset from the local relation, which they
interpret as evidence that these galaxies have yet to ‘mature’ onto the Tully-Fisher
relation, perhaps related to higher gas fractions in their discs. Similarly, Gnerucci
et al. (2011) investigated the stellar mass Tully-Fisher relation at z ~ 3 and found
marginal evolution but with a large amount of scatter, concluding that the relation
may not be in place at this epoch.

To compare different galaxies, it is important to measure v, in a consistent
manner. Measurements of the rotation curve are naturally sensitive to the sur-
face brightness of the galaxy and the depth of the observations. |Courteau (1997)
compared various methods of measuring v,,; and found that ves - the velocity in-
terpolated from the model rotation curve at a radius » = 2.2 h, where h is the disc
scale length - performed best in terms of minimal internal scatter and residuals from
the Tully-Fisher relation and provided the best match to radio (21cm) results. In
high-redshift galaxies with clumpy and disturbed morphologies, the light does not
follow a pure exponential disc profile, so we cannot strictly use this definition with
our data. We therefore adopt the half-light radius, r; /2, as a proxy for the disc scale
length, and measure vy 5 from the model rotation curve fits, corrected for inclination,
at r = 2.27;/5. For consistency across the sample, we re-analyse the velocity fields
of the lJones et al. (2010) sample in order to extract vy from these galaxies. Our
derived wvs o values are slightly lower than the inclination-corrected vy, that they
derive by an average of 20%.

We plot the stellar mass Tully-Fisher relation in Figure We find that most

of our lensed arcs are consistent with the Tully-Fisher relation observed in other
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Figure 5.7. The ratio between stellar mass and galaxy radius as a function of rotational
velocity, where radius is defined as 2.2 disc scale lengths and the velocity is corrected
for inclination. Comparison data is from the same sources as in Figure The dashed
line indicates v? = GM, /r. The lensed galaxies and some data from the other samples, in
particular from SHiZELS, lie along this line, indicating that their dynamics are dominated
by baryons in the discs. There is no apparent systematic difference between disc-like
(filled symbols) and mergers/ dispersion-dominated systems (open symbols) in the lensed

samples. Offsets from this line are likely related to the gas fractions of the galaxies.
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samples, but with considerable scatter. Four galaxies lie well above the local relation,
with low vg o for their stellar masses. Of these, two are from the lJones et al. (2010)
sample; these are Cl0949 and MACSJ2135 (the Cosmic Eye). The former was
identified as a merger by lJones et al. (2010), though the latter appears to be a
rotationally-supported disc (see [Stark et all, 2008). The remaining two galaxies
lying above the local relation are Abell1413a and Abell1413b, which appear to be
an interacting pair.

In addition, MACSJ0451 (z = 2.01) and two of the higher-redshift targets
(Abell1689a at z = 3.04 and Abell2895b at z = 3.72) have high vy for their stellar
masses. This could be indicative of redshift evolution; simulations predict that the
zero-point should decrease at high redshift (e.g. |Crain et all, 2009; McCarthy et al.,
2012, indicated by a dotted line in Figure [.0]). Semi-analytic models in which the
disc dynamics are driven by the dark matter halo make a similar prediction (Dutton
et al., 2011).

However, Benson (2012) predicts a modest positive increase in the zero-point at
high redshift. As Miller et all (2012) point out, the primary difference is that the
Benson model has a larger contribution from baryons. High-redshift galaxies are
intrinsically smaller than their present-day counterparts - especially in the lensed
sample that probes the smaller, fainter population - and so we might expect the
dynamics within 2.2r1/, to be dominated by baryons (see also [Miller et all, 2011).
In the simplest case of orbital circular motion, we should see v> = GM/r for total
enclosed mass M. To test whether this is a better description of our data, we divide

the y-axis of Figure by 2.271/; and show the result in Figure 5.7l The scatter is
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significantly reduced in comparison to Figure 5.6 and the line v? = GM, /r provides
a good fit to the lensed and SHiZELS data. The varying gas fractions in the galaxies
will contribute significantly to the scatter in this relation. The other comparison
samples have a systematically higher velocities at a given M, /r, perhaps suggesting
that their dynamics do have contributions from the dark matter halo, whereas the

dynamics of the lensed galaxies within the central few kpc are dominated by baryons.

5.4.2 Star-forming clumps

With the high spatial resolution afforded by gravitational lensing, it is possible to
extract star-forming clumps from lensed galaxies on scales comparable to giant Hit
regions in local galaxies. It has long been noted that galaxies in the high-redshift
Universe tend to be ‘clumpier’ then their local counterparts, with clumps often dom-
inating the host galaxies’ morphologies and giving rise to ‘clump cluster’ and ‘chain’
galaxies (e.g. (Cowie et all, [1995; [Elmegreen & Elmegreen, 2005; [Elmegreen et al.,
2004). Numerous high-redshift galaxy surveys have isolated clumps and analysed
their properties on ~kpc scales (Forster Schreiber et al., [2011; (Genzel et all, 2011
Swinbank et _al., 2012; Wisnioski et _al), 2012b), but to compare them directly to
star formation in the local Universe, which takes place in HII regions on scales of
~ 100 pc, the spatial resolution afforded by gravitational lensing is required (Jones

et al., 2010; ILivermore et _all, 2012a; Swinbank et _all, 2011], [2009).
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Table 5.8. Properties of the star-forming clumps.

Notes: All quantities are corrected for lensing where appropriate. (a): The clump radius is cal-
culated as described in the text, using the area enclosed by an isophote and assuming circular
symmetry. The error bar encompasses an alternative definition using the FWHM of the clump
emission line profile. (b): SFR is calculated from the total Ha or Hf flux enclosed in the isophote
and is corrected for extinction. (c¢): The velocity dispersion, o, is the mean local value within the

clump and is deconvolved for the local velocity gradient.

Name radius SFR o

pc Mgyr™!

Notes: (a) (b) (¢)

MACSJ0744-1 300 £ 100 0.26 £ 0.02 707

MACSJ0744-2 300 £ 100 0.18 £ 0.01 84 £ 8

MACSJ0744-3 160 = 30 0.04 £ 0.01 51 £ 8

MACSJ1149-1 450 £ 70 0.51 £0.06 74 £ 10

MACSJ1149-2 150 £50 0.15 £0.02 120 = 19

MACSJ1149-3 160 £ 30 0.06 = 0.01 134 £ 31

MACSJ1149-4 210 £ 50 0.12+£0.02 80 £ 17

MACSJ1149-5 180 £ 70 0.07 £0.01 95 £ 39

MACSJ1149-6 150 £20 0.05+0.01 71 £17

MACSJ1149-7 160 +£ 40 0.04 £ 0.01 123 £ 33

MACSJ1149-8 140 £ 50 0.03 £0.01 115 £ 30

MACSJ1149-9 140 £20 0.02 £0.01 122 £ 61

MACSJ0451-1 500 £ 200 1.24+£04 87 £ 6

MACSJ0451-2 300 £ 200 0.5 £0.2 84 £ 6

Continued on next page
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Table 5.8 — continued from previous page

Name radius SFR o

pc Mgyr kms~!
Notes: (a) (b) (c)
Abell1413a-1 700 £ 300 23+0.2 53 £ 8
Abell1413b-1 200 + 100 0.18 £+ 0.02 57 £ 9
Abell1413b-2 260 £ 60 0.15+0.02 58 &£ 10
Abell1413b-3 300 4+ 100 0.26 + 0.03 54 £9
Abell1413b-4 140 +40 0.02 £0.01 84 + 32
Abell1835-1 90 + 60 0.10 £ 0.01 77 + 14
Abell1835-2 200 + 100 0.12 £ 0.02 67 £ 13
MS1621+26-1 900 + 400 3.1£0.3 63 £ 9
MS1621+26-2 600 + 200 0.8 +0.1 66+ 11
MS1621+26-3 340 £ 70 0.18 £ 0.03 55+ 12
MS1621+26-4 200 £ 100 0.08 & 0.01 58 + 12
RXJ17204+26-1 700 4+ 200 0.77 4+ 0.08 61 £ 8
RXJ1720+26-2 600 & 100 0.59 £ 0.06 67 £ 10
RXJ1720+26-3 400 + 100 0.28 + 0.03 76 + 11
RXJ17204+26-4 600 £+ 100 0.65 %+ 0.06 65 + 9
RXJ17204+26-5 300 &£ 100 0.23 £+ 0.03 67 £ 12
Abell1689a-1 180 + 60 0.24+0.1 116 4+ 45
Abell1689b-1 150 £ 80 0.13 £0.04 103 £+ 16

Continued on next page
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Table 5.8 — continued from previous page

Name radius SFR o

pc Mgyr kms~!
Notes: (a) (b) ()
Abell2895a-1 400 4+ 100 1.8+ 0.7 63 + 4
Abell2895a-2 500 £ 300 2.3+ 0.8 61 £ 4
Abell2895a-3 60 £ 10 0.03 £ 0.01 57 £5
Abell2895b-1 290 4+ 90 542 51 +3
Cl10024+16-1 420 + 70 5+1 65+11
Cl10024+16-2 600 £+ 200 9+ 2 60 £ 9
Cl0024+16-3 370 £+ 50 4+1 63+14
Cl10024+16-4 400 £ 100 34+£08 62413
C10949-1 1000 £ 100 16. £4 72413
Cl10949-2 800 £ 300 10 + 2 63 £+ 8
C10949-3 800 £ 300 11+ 3 56 £ 6
C10949-4 700 £+ 100 8+2 76+ 14
MACSJ0712-1 220 = 70 33+08 74+11
MACSJ0744b-1 300 4+ 100 0.7+02 93+26
MACSJ0744b-2 300 4+ 100 0.4 +£0.1 136 £+ 45
MACSJ0744b-3 300 4+ 100 0.5+0.1 118+ 14
MACSJ2135-1 600 4+ 100 25+£6 41 +15
MACSJ2135-2 500 £ 100 12+3 404+ 14
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Different studies of star-forming clumps have used a variety of methods to detect
and isolate them from their host galaxies. Discussions of the merits of various
techniques can be found in [Wisnioski et al. (2012b) and [Livermore et al. (2012a).
We adopt the same method as in |Livermore et al) (20124) and use the 2D version of
cLUMPFIND (Williams et _all, [1994). This routine uses multiple isophotes, starting
by defining clumps in the brightest regions and then moving down through the
isophote levels. Any isolated contours are defined as new clumps, and any which
enclose an existing peak are allocated to that clump. A contour which encloses two
or more existing peaks has its pixels divided between them using a ‘friends-of-friends’
algorithm. We define the lowest contour at 30, where o is the standard deviation
of pixels in the underlying galaxy. We then add additional contours in 1o intervals
up to the peak in the image.

For IFU data, \Genzel et al. (2011) advocate defining clumps in slices in velocity.
We test this method with our data and find that it produces similar results to
using the integrated intensity maps, and where it does produce clumps that are
not evident in the integrated maps, they are marginal detections found only in the
lowest (3 — 40) contour levels. We therefore use the integrated Ha (or HB) maps
to define clumps. This has the added advantage of being the method most easily
comparable to the narrowband imaging in [Livermore et al) (2012a), where we used
maps of Ha integrated over a wide velocity range.

To ensure self-consistency across the entire sample of lensed arcs, we reanal-

yse the intensity maps of the \Jones et all (2010) sample to extract clumps with
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Figure 5.8. Relation between Star formation rate (SFR) in clumps and their sizes. The

z = 0 sample from the SINGS survey (Kennicutt et all, 2003) and the z ~ 1 — 1.5 lensed

arcs from

Livermore et all (2012a) are extracted from Ha narrowband imaging. We also

show the z ~ 5 lensed arcs of I[Swinbank et all (2007) and |Swinbank et al. (2009) and the

unlensed high-z samples from SHiZELS (Swinbank et al). [2012) and WiggleZ (Wisnioski

et al.,

2012b

) for comparison. The clumps from our sample of lensed arcs are colour-coded

by redshift. The dashed lines are contours of constant surface brightness with the zero-

points fit in four redshift bins. We find evolution in this zero-point such that high-redshift

galaxies host clumps of higher surface brightnesses.
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CLUMPFIND. |Jones et all (2010) used a single isophote per galaxy to extract their
clump properties, whereas the algorithm developed by [Livermore et al. (2012a) used
the noise properties of the image to robustly define a series of isophote levels in a
way that does not require any fine tuning. The variation in methods means that the
clumps extracted are not identical; a lower isophote will increase both the size and
luminosity of the extracted clump, and vice versa. Generally, we use lower isophote
levels than |Jones et al) (2010), leading to larger sizes (but within ~ 1o of the pub-
lished values) with correspondingly higher luminosities. The primary difference is
that we also extract some smaller, lower-luminosity clumps that are missed when
adopting a single isophote.

Once the clumps are defined, we sum the spectra in their component pixels and
fit a Gaussian emission line (a single line for Ha or a triplet for HS and [Or11))
to obtain their intensity and velocity dispersion. For those galaxies observed in
HpB, we estimate the equivalent Ha intensity by assuming case B recombination
and dust extinction based on the attenuation Ay estimated from the SED fitting.
No additional extinction is assumed in the nebular lines. Thus, the estimated Ha

luminosity, Ly, is given by

Lita = 2.86 x 1075 Ly, (5.4.3)

From Ly,, we calculate the SFR using the prescription of [Kennicutti (19984
adapted to a |Chabrien (2003) initial mass function (IMF) and extinction Ay, =

0.82 Ay
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The effective radius, r, of the clump is estimated by summing the area of all
pixels contained in the clump, A. We then subtract the area of the effective source

plane PSF in quadrature and define an effective radius

r=4/=. (5.4.4)

We identify 50 clumps in our sample, with between 1 and 9 clumps per galaxy,
and list the derived properties in Table [5.8]

Jones et al. (2010) found that the clumps in high-redshift lensed galaxies had
surface brightnesses that are higher than those of local HiI regions by up to 100x.
Such intense star-forming regions are found locally in merging systems such as the
Antennae (Bastian et al., 12006), but appeared to be ubiquitous in isolated discs at
high-z. Similar results were found at z ~ 5 (Swinbank et all, 2009) and in kpc-
scale clumps from unlensed sources (Swinbank et all, 2012; [Wisnioski et al., 2012a).
To investigate the origin of these high-surface brightness clumps, [Livermore et al.
(2012a) observed 57 clumps in 8 galaxies with Ha narrowband imaging, and demon-
strated that their surface brightnesses evolve with redshift. In Figure 5.8 we expand
on this relation adding our new clumps. We note that one galaxy - MACSJ1149 -
is included in both the current IFU sample and the narrowband imaging sample.
Only one clump (the galaxy bulge) was observed in the narrowband sample, and we
confirm that its luminosity is consistent with the previous observation within the
measurement errors.

With the new data, the evolution in clump surface brightnesses is confirmed

and extended out to z > 3. We show the mean surface brightness, Xcmp, in four
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redshift bins in Figure[5.8. The best fit to the redshift evolution of the clump surface

brightness is

EC um
bg(M ;i 4):435i0mbgu+zy—u7iom. (5.4.5)
oyrtkpe

Clearly there is a selection effect involved, as we would not observe low-surface-
brightness clumps in the high-z galaxies. However, there appears to be evolution in
the properties of the brightest clumps, as these are not seen in isolated local galaxies
but seem to be ubiquitous at high redshift. We will discuss this further in the context
of the clump luminosity function along with implications of this evolution in §5.5.1]

The IFU data of our current sample allows us to add the extra dimension of
velocity dispersion, o, to this analysis. If the clumps are gravitationally bound, they
should follow a relation of the form L oc o* (Terlevich & Melnick, 1981). However,
not all studies of local star-forming regions have found this relation; [Arsenault et al.
(1990) found that it applied only to the brightest, ‘first-ranked’ regions in galaxies,
with no L — o or r — o relation applying to their entire sample. Others have found a
shallower L — o relation indicative of density-bounded regions, where only a fraction
of the ionising photons are able to escape (Rozas et all, 2006, 2001). It is not clear
that clumps should be expected to be virialised; indeed, Giant Molecular Clouds
(GMCs) locally are not necessarily gravitationally bound (Dobbs et all, [2011).

In Figure 5.9 we plot ¢ as a function of both the clump size and luminosity. As

a guide, we overlay the relations found by [Swinbank et al. (2012):

T o
1 — | = (1.01 £ 0.08)1
og(k ) ( OO)og(k

pc ms

1)+m8iOU (5.4.6)
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Figure 5.9. Velocity dispersion, o, of star-forming clumps, as a function of clump size

(left) and Ho luminosity (right). Clumps from the local Universe are taken from Terlevich

& Melnick (1981), |Arsenault et al

1990),

Bordalo & Telles

2011)), [Fuentes-Masip et al

),

2000) and [Rozas et _al. (2006)

. The high-redshift comparison

samples are from the z ~ 5

lensed arcs of [Swinbank et al. (2007

) and

Swinbank et all (2009

) (with Ly, estimated from

the [O11]-derived SFRs), and the unlensed SINS

Gengzel et all.

2011)), WigeleZ (Wisnioski

et al., 12012b) and SHiZELS

Swinbank et al.,

2012) surveys.

the best fits from [Swinbank et al) (201

from Rozas et al

The shaded region shows

), the dashed line is the best-fit Ly, — o relation

2006), and the dotted line indicates the estimated resolution limit

(determined as described in the text). The addition of lensed galaxies extends the high-z

samples to smaller sizes and lower luminosities while ¢ is similar to the unlensed samples.

Although partially an effect of the spectral resolution limit, we find an excess of clumps

with high resolved o for their sizes and luminosities. This suggests that they are not

necessarily virialised, and that the observed o may contain contributions from a variety

of processes such as star formation feedback.
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Although our data scatter around these relations, we do not find any correlation
between ¢ in our clumps and either r or L.

We first consider whether this is an effect of spectral resolution. We deconvolve
o for the instrumental resolution as measured from sky emission lines, but there
is some lower limit at which we will not be able to measure the broadening of the
line. To test where this limit is, we construct a set of 1000 Gaussian emission lines
with varying widths of < 100kms™' and add noise so that the final signal-to-noise,
S/N= 5 (this gives us a conservative estimate, as S/N> 5 is the constraint we
set to detect an emission line). We then convolve the resulting spectrum with the
instrumental resolution, and apply the same emission line fitting routine used on the
data to recover the line properties. We find that we consistently recover the input
line width to within 20% at o > 53kms~!. We show this line on Figure 5.1

The clumps that lie close to this line may be affected by the resolution limit;
however, there remains an excess of clumps at high-o that are well-resolved and lie
above the expected relations. It therefore appears that the clumps are not necessarily
virialised, and the observed ¢ may contain contributions from a range of processes
including gravitational instabilities and star formation feedback. We discuss the
origin of the velocity dispersion in greater detail in §5.5.21 A further possible con-
tribution to the high o values could come from the superposition of multiple clumps
along the line of sight. This is an additional source of uncertainty in all values
derived from clumps, and motivates studies with higher spectral resolution so that

any such multiple clumps can be separated.
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5.5 Discussion

5.5.1 Clump formation

Livermore et al. (2012a) demonstrated that an effective means of quantifying the
‘clumpiness’ of a galaxy is the clump luminosity function. The luminosity function
can be described by a Schechter function with a break at some characteristic lumi-
nosity Lo, which describes the brightest clumps. The presence of more bright clumps
in a galaxy causes it to appear as ‘clumpy.” [Livermore et all (2012a) showed that
Ly increases with redshift, giving rise to the appearance of more clumpy galaxies at
high-redshift.

We show the luminosity functions in Figure (.10 with the new data added. We
account for the varying surface brightness limits of the observations by normalising
each bin by the number of galaxies in which we should be able to identify clumps of
that luminosity, and the error bars represent the Poisson error from counting clumps.
The z < 1.5 bin combines the two z < 1.5 galaxies from the current sample with
the seven galaxies from the [Livermore et al. (2012a) narrowband imaging sample
(MACSJ1149 is removed from the latter as it is duplicated in the current sample),
and the z > 3 bin includes the two lensed z ~ 5 galaxies of [Swinbank et al! (2007)
and [Swinbank et all (2009).

To each redshift bin, we fit a Schechter function of the form

N(> L) = N, (Lio)aexp (‘L—OL) | (5.5.8)

where the power-law slope is fixed to a = —0.75 from [Hopkins et al/ (2012). We
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Figure 5.10. Cumulative clump luminosity functions. The z = 0 data are from the
SINGS survey (Kennicutt et all, [2003), with clumps extracted by [Livermore et all (2012a).
The z < 1.5 bin includes the narrowband imaging sample of [Livermore et all (2012a)
combined with the two z < 1.5 galaxies from this work. Each luminosity bin is normalised
by the number of galaxies contributing to that bin, accounting for variations in the depth
of observations as described in the text. The dashed lines are Schechter function fits,
where the z = 0 fit is from the simulations of [Hopkins et al. (2012), and we keep the same
normalisation but allow the characteristic luminosity to vary to fit the high-redshift data.

We find that this characteristic luminosity evolves with redshift.



5.5. Discussion 186

do not attempt to fit the faint-end slope as the sharp turnovers evident in Figure
L.I0 are likely due to incompleteness and small number statistics in the faintest
clumps. The normalisation Nj is arbitrary, so we fit Ny to the z = 0 data. We then
keep Ny and « fixed while allowing the characteristic luminosity Lq to vary, and we

find the best-fit Ly for each bin with a x? minimisation procedure. The best fits are

(

25T x 104, 2=0

Ly 40707 x 101, 1<2z< 15

ergs—1!
473 x 1042, 15<2<3

1.3708 x 10%, 2 >3

\

where the errors are estimated using a bootstrap method.
We therefore find that the break of the clump luminosity function evolves with
redshift, such that high-redshift galaxies have more high-luminosity clumps. The

best fit to the redshift evolution of L is

kg( Lo ):(zmiombgu+¢y+@10iom. (5.5.9)

In combination with the evolution in clump surface brightness discussed in the
previous section, it follows that high-redshift galaxies tend to have a higher number
of bright, high surface-brightness star-forming clumps, which come to dominate the
galaxy morphology and therefore give rise to the population of ‘clumpy’ galaxies
seen at high redshift.

Livermore et al. (2012a) suggest that the cause of these bright clumps is a com-

bination of high gas fractions at high redshift and the evolving galaxy dynamics.
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Briefly, the argument is based on the assumption that clumps form in marginally

stable discs described by a [Toomre (1964) parameter ) where

. /iO't(R)
Q B WGZO

~1, (5.5.10)

for epicyclic frequency & & v/2v/r and velocity v at galactocentric radius r. Hop-
kins et al. (2012) argued that star-forming galaxies tend to self-regulate to maintain
(@ ~ 1; instabilities cause the gas to collapse to form stars, while feedback from the
star formation stabilises the disc.

The mass required for collapse on a scale R is the Jeans’ mass, M, given by

M, =0 (5.5.11)

If M is related to the characteristic mass of clumps in a galaxy, M, (i.e. the

break of the mass function), then [Livermore et all (2012a) showed that combining
Equations (5.5.10) and (5.5.11]) with an assumed turbulent power spectrum gives

3mG? Y3
My = =,
0 2 gt

(5.5.12)

Thus, My depends on the disc surface density and epicyclic frequency. To relate
this predicted mass to the observable Ly,, we use an empirical relation between
the Ha-derived SFR and mass of local molecular clouds, SFR(Mgyr—!) = 4.6 +
2.6 x 1078M,, (Lada et al., 2010). This relation is valid for high-density gas, and
thus appropriate for star-forming clumps, and is consistent with the independently-
derived SFRs and gas masses of star-forming clumps reported in a lensed z = 2.3

galaxy by [Swinbank et all (2011). Adopting this conversion results in characteristic
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masses, My, from our clump luminosity functions of

(

473 % 107, 2=10
M, 10792 x 108, 1<z<15

977 % 108, 15<2<3

372 x 107, 2> 3.
\
We can also relate the SFR surface density, Y gpg, of clumps to the disc surface

density, g, using the Kennicutt-Schmidt law. The relationship between the surface

density of gas, Ya.s, and Xgpr found by (Kennicutt, [1998b) is

by p "
TR —4 <7g2) : (5.5.13)
M yr—1kpe Mgpe~

where A = (2.5 4+ 0.7) x 107* and n = 1.440.15. The disc surface density ¥ is a
combination of gas and stars (X, and 3, respectively), which contribute differently

to the disc stability. Following Rafikov (2001), we use

2
Yo=2 — | X, 5.5.14
Tt (1 + fﬁ) 51
where f, = 0./0, = 2 is the ratio of the velocity dispersion of the stars to that

of the gas (Korchagin et all, 2003). We define the gas fraction, fg.s, such that

Mgas ~ Eg
Mys + M, ~ Sy + 3,

fgas - (5515)

if we measure the gas and stars over the same area. Combining Equations [5.5.13]

E.5.14 and B.5.15, we have
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Thus, from Equations and [0.5.16], we find that the characteristic mass, M,
and the clump SFR surface density, ¥gpr, depend on ¥y, k£ and fgas. In order to
understand how My and Ygpr evolve with redshift, we therefore need to understand
the evolution of ¥y, £ and fgas.

We can estimate ¥y and fgas from our data using the Ygpr derived from Ho or
Hp and applying the Kennicutt-Schmidt law from Equation B.5.13] to derive ¥gps.
To estimate Y., we use the total M, from the SED fitting and apportion the stellar
mass according to the fractional flux in each pixel of the reddest available HST
image. We then combine the ¥ ,s and >, maps to create a map of Xy.

In the upper two panels of Figure .11l we compare our data to predictions for
the evolution of fg.s and ¥y. The predicted f,,s evolution indicated by the shaded
region is the empirical relation fg,s o< (1 + 2)E0E09) from |Geach et all (2011), and
we also show a prediction from semi-analytic models (Lagos et al., 2012, Lacey et al.
in prep). We also show some recent data from other high-z samples, including more
active (U)LIRGs and lensed galaxies whose gas content has been observed directly.
There are many uncertainties in our estimate of fg,g, specifically, the assumption of
a constant Kennicutt-Schmidt law and in the reliability of the SED-derived stellar
masses; nonetheless, we note that our estimate for MACSJ2135 (the ‘Cosmic Eye’) of
Myas ~ 10% Mg, is very close to the CO-derived value of Mg,s = (9.0 £ 1.6) x 10% M,
(Riechers et al., 2010).

The evolution of 3 with redshift depends both on the evolution of fg,s and on
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Figure 5.11. Evolution of the gas fraction, fgas, disc surface density Xy and epicyclic frequency,
K, with z. In each panel, individual galaxies are represented by grey stars, with filled stars repre-
senting galaxies identified as rotating discs, and unfilled stars the mergers and dispersion-dominated
systems. Medians in three redshift bins are indicated by red circles with error bars denoting the

interquartile ranges. In the x — z plot, we include only disc-like systems in the median. Upper:

The shaded region shows evolution of fuas o< (1 + z)(2i0'5) (Geach et alJ, |2_Q1_1.|) For comparison,

we also show samples at z = 0 , ), medians of high-z (U)LIRGs ,
IZD_lD_lJ; IIa.gg_gij;t_aJ_, ), and lensed galaxies with CO detections (Kneib et alJ, |2005J; Livermore

et al., ; IRiechers et all, [2010). The dashed line is from semi-analytic models (Lacey et al

in prep). Centre: The shaded region represents the predicted mass evolution from the models of

) combined with the empirical fgs evolution. Lower: The dashed line indicates

the prediction from ). In all cases, there is a lot of scatter in the data, but the

general trends are consistent with predictions.
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the change in total mass of a galaxy with redshift. The shaded region in Figure
b.ITlincorporates both the empirical fy,s evolution of IGeach et all (2011) and mass
evolution from the simulations of [Dutton et all (2011). There is a lot of scatter
in the data, but the general trend indicated by the medians in three redshift bins,
marked in red in Figure (.11 are consistent with predictions.

We estimate s by taking the velocity at the half-light radius 7/, along the
dynamical axis from the disc fitting, where there is no inclination correction for
the radius. This measurement is highly uncertain as the measurement of ry/, is
affected by the clumpy morphologies and the irregular source plane PSF, and the
measurement of the velocity includes uncertainty in the inclination. Nonetheless,
we again find that although there is a lot of scatter in the data, the general trend is
consistent with the predictions of Dutton et all (2011).

Using these models for the evolution of fg.s, 3¢ and s, we should be able to
predict how the star formation surface density of clumps, ¥cjump and the character-
istic mass, My, evolve. In Figure we present an updated version of the figure
in [Livermore et all (2012a, Figure 9) including the IFU data. We find that the
evolution in the break of the clump mass function and in the surface brightness
of clumps is consistent with the model predictions given by Equations and
given evolution in the galaxy mass, gas fraction and dynamics. This indicates
that galaxies at high redshift appear clumpy because their gas-rich discs fragment
on larger scales, leading to star-forming clumps that dominate the morphology of
the galaxy. Thus, despite the different appearance of high-redshift clumpy galaxies

to local spirals, we find that they do not require a different ‘mode’ of star formation;
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Figure 5.12. Evolution of clump surface brightness >grr and the characteristic mass M
derived from the clumps luminosity functions. The dashed line shows a predicted track
based on Equations and assuming evolution in mass and epicyclic frequency
from the simulations of [Dutton et al. (2011) and gas fraction evolution of fgas o (1 + z)?
(Geach et all, 2011), with f, = 2. The shaded regions indicate the predicted locations of
clumps in each redshift bin, for a range of gas fractions fgas o< (1 + z)(Q'OiO'S). The data
are consistent with the model, demonstrating that the ‘clumpy’ morphologies of high-z

galaxies are driven by evolution in their gas fractions and dynamics.
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the clumps can arise naturally as a consequence of the larger gas reservoirs.

5.5.2 The origin of the velocity dispersion

Galaxies at high redshift are observed to have high velocity dispersions (e.g. Epinat

et al.J_\ZOO ; \IForster Schreiber et _all. 2009, 2006; [Law et _al., 2009, 2007; Wright

et al., ), and in §5.4.2] we found an excess of clumps with higher ¢ than would
be expected for virialised systems.

There is some disagreement in the literature about the processes that drive the
high velocity dispersions. Simulations of high-redshift galaxies have suggested that

they are driven by inflows of cold gas, which in turn fuels the star formation (Dekel

et al., 2009; |Genel et _all, 2012).

Another explanation for high velocity dispersions is turbulence driven by the

energy from young stars. |Green et all (2010) noted a correlation between SFR and

o in galaxies with Ly, > 10*2ergs~! and attributed this to star formation feedback

(see also [Hopkins et al., 2011; [Lehnert et al), 2013, 2009; Wisnioski et _all, 2012h).
Direct observational evidence for this scenario comes from broad components in Ha

emission seen in high signal-to-noise spectra of z ~ 2 star-forming galaxies (Genzel

et al., 2011; Newman et al), 2012a/h). In Figure we compare the mean flux-
weighted velocity dispersion o to the total Ha luminosity in our sample (where the
latter is calculated from the Hf flux where necessary, assuming case B recombination
and a Balmer decrement calculated from the dust extinction values in Table [.7]).
This is the equivalent of the right-hand panel of Figure for the galaxies as a

whole rather than the individual star-forming clumps. We do not see any correlation
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Figure 5.13. The flux-weighted mean local velocity dispersions, o, against galaxy Ha

luminosity, Lpa, in our sample and in comparison samples at z ~ 0.1 (Green et al

201
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Epinat_et_al

2009

). 2z ~ 2

)

Lehnert et _al

2013

) and 2 ~ 2.3 (Law

et al.,

2009).

The velocity dispersions are deconvolved for instrumental resolution, and

the dotted line indicates the limit above which our tests indicate we can reliably measure

the line broadening. Our sample is in agreement with the correlation noted by (Green

et al., 2010

this limit.

) at Ly, > 10*2ergs™!, although the majority of our sample has Ly, below
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between Ly, and o in our data, although they are entirely consistent with the trend
observed by |Green et all (2010). Since lensing allows us to probe more representative
galaxies at high-z, only seven of the galaxies in our sample have Ly, > 10*2ergs™!.
It is possible that the lack of correlation in all of the samples below this limit is due
to the resolution limit in . We do not find such high values for o as [Lehnert et al.
(2013), which could be an effect of the spatial resolution over which ¢ is measured.

A further possible driver of turbulence in high-redshift galaxies is gravitational
instability. In an unstable () < 1) disc with insufficient turbulence to oppose
self-gravity, instabilities will kinematically heat the gas and drive an increase in
turbulence. The velocity dispersion will increase until the disc becomes stable (¢ >
1), at which point the energy dissipates and velocity dispersion decreases until the
disc is once more unstable. Thus, discs effectively self-regulate to maintain marginal
stability such that @ ~ 1 (Burkert et al), 2010; Krumholz & Dekel, 2010).

In reality, there is no reason to consider the above arguments mutually exclusive.
High velocity dispersions are required as support against self-gravity in order to form
the large clumps that we observe; this follows from Equation (5.5.12]) in combination
with 0 = kR and the Jeans’ mass

MJ = g, (5517)

2G

(see also [Livermore et all, 2012a). We then have

K

o o (”GZO)s. (5.5.18)

As discussed in Section [B.5.1] with respect to M, the evolution of ¢ would be
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Figure 5.14. Evolution of the mean local velocity dispersion, o, as a function of redshift,
z. For the lensed arcs, filled symbols represent galaxies identified as rotating discs, and
open symbols are mergers or dispersion-dominated systems. Medians in three redshift
bins - z < 2,2 < z < 3 and z > 3 - are indicated by red circles with error bars denoting

the interquartile ranges. The shaded region shows the predicted evolution according to

Equation (5.518) assuming fgas o (14 2)39%09) (Geach et all, [2011) and gas mass,

size and rotational velocity evolution from [Dutton et all (2011). The dashed line is the

prediction using the gas fraction evolution from semi-analytic models (Lacey et al. in

prep). We also plot the medians of a range of comparison samples (Epinat et al., [2009;

Green et al), 2010; [Law et all, 2009:; Newman et _all. [2013; Swinbank et al.. [2012;: Wisnioski

et al., 2011). Both predictions are a reasonable fit to the data in the lower redshift bins,

but the semi-analytic models predict a turnover at higher redshift that is a better match
for our z > 3 galaxies. However, we note that the sample size is small, and furthermore
that gravitationally lensed galaxies represent the fainter end of the population, and so we
do not observe the high gas fractions that might be seen in the population as a whole
at this epoch. Nonetheless, the data are approximately consistent with a model in which
high velocity dispersions at high redshift are driven by gravitational instabilities, though

as discussed in the text, this is unlikely to be the only contributing factor.
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expected to increase with redshift as a result of higher gas fractions at high-z, as this
evolution is stronger than that in x. We plot the mean clump velocity dispersion
for each galaxy as a function of redshift in Figure (.14l in comparison with the
prediction from Equation (5.5.I8) based on redshift-evolution of galaxy size, mass
and rotation from Dutton et all (2011) and gas fraction from both|Geach et all (2011)
and semi-analytic models (Lacey et al. in prep). We note that at high-z the o values
predicted using the empirical relation become arbitrarily large; this is because fgas is
permitted to increase without bound, whereas in practice there must be a turnover
at high-z. Considering the large number of assumptions and the small sample size,
the predictions are a reasonable fit to the data. However, there is an excess of
galaxies with higher ¢ than expected, which indicates an additional contribution to
the turbulent velocities. A robustly-selected sample would be required to test for
the true redshift evolution of the population as a whole.

In order to gain some insight into the cause of the high velocity dispersions, we
can make use of the improved spatial resolution afforded by gravitational lensing
to investigate the origin of the high o values within galaxies. If the high velocity
dispersions are due to turbulence caused by star formation, we might observe the
highest o values in regions of galaxies with the highest star formation rates, i.e.
within clumps. In Figure we compare the disc surface density >y to the local
velocity dispersion o for each pixel in each galaxy, with the pixels colour-coded
by star formation rate surface density Ygpr. The ¥y maps are constructed by
combining stellar mass and gas - derived from the star formation maps by assuming

the Kennicutt-Schmidt law - using Equation [£.5.14] with the method described in
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Figure 5.15. Comparison between disc surface density 3o and local velocity dispersion o in
each pixel. As neither surface brightness nor line width are affected by gravitational lensing,
we plot pixels from the image plane. Pixels are colour-coded by SFR surface density Ygpr, on
different scales in each panel so that the full range is visible. By deconvolving the line widths for
instrumental resolution, we observe arbitrarily low values of o, but the dotted lines indicate the
lower limit above which we are confident we reliably detect the actual line width. The peak in
Ysrr is generally seen below the peak in o for each galaxy, suggesting that the velocity dispersion
is not dominated by turbulence due to feedback from local star formation. The dashed line shows a
Toomre parameter @) = 1, with the shaded region indicating the range 0.5 < @) < 2. Regions below
this line have lower Q and should therefore be more unstable to fragmentation. Most galaxies have

Q@ ~ 1 with regions of high Yspgr generally having lower Q.
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Section (.5l As gravitational lensing does not affect surface brightness or line
width, we use the image plane where the pixels are independent and the alignment
of HST and IFU imaging is more straightforward. In most cases ¥ is dominated by
the gas component and, as this is derived from Xgpg, this introduces a correlation
between >y and Yspg that is likely to be stronger than in reality. As can be seen from
Figure [5.13] the peak in Ygpr does not generally coincide with the peak in o. Thus,
if the local velocity dispersion is dominated by turbulence from star formation, it
does not seem to be localised to the regions in which stars are forming most rapidly.

The conclusion that regions of intense star formation have low o for their SFRs
was also reached by [Swinbank et all (2012) and |Genzel et al! (2011). The latter
interpreted this as a low Toomre parameter (), where they defined a (04,5 based only
on the gas surface density Yg,s. As their Xg, is derived from Ygpr by assuming the
Kennicutt-Schmidt law, a low @ is equivalent to a low 0/YXgpR.

We also show in Figure a line for a Toomre parameter () = 1, where @ is
defined as in Equation [5.5.10] using the local disc surface density and ¢ and « for the
disc as a whole. The absolute values of () are highly uncertain due to the number
of assumptions involved in estimating ¥,. We also test the effect of adopting the
method of Romeo & Wiegert (2011)) for calculating @ from a combination of gas and
stars, which weights the more stable component more highly. Using their method
results in systematically higher ) by a factor ~ 1.5x.

As a guide, we shade the region between ) = 0.5 and ) = 2 according to
Equation B.5.10L We find that most of the galaxies lie on or close to the @@ = 1 line,

supporting the idea of self-regulation. While there is uncertainty in the absolute
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value, variations in () across the disc are more robust. Tracks of constant () run
parallel to the @ = 1 line shown, with lower () values lying below this line. We can
therefore see that regions with high Ygpr tend to have low @); i.e. they are more
unstable to collapse, and hence forming stars more rapidly. With the current data,
Yspr must be used to derive ), and so a thorough investigation of this relationship
would require an independent measure of >y from CO observations.

Although we find that most galaxies have () ~ 1 on average, it does not not imply
that self-regulation due to disc instabilities drives the velocity dispersion. On the
contrary, as the high-o is required to stabilise massive discs, it could arise as a result
of accretion of cold gas as predicted in simulations. Yet, what happens when stars
begin to form? Turbulence opposes self-gravity and hence inhibits star formation
(although, as discussed by |Ostriker & Shetty (2011), there is also a competing effect
whereby turbulence can cause local overdensities that trigger star formation). As a
cloud collapses, o would increase if energy is conserved, contrary to our observations.
The energy must therefore be lost through radiation and dissipation, which equalises
the velocity dispersion between the clump and the disc. This also matches the
model of (Ceverino et all (2012), who predict that there will be no enhanced velocity
dispersion in star-forming clumps. Other simulations predict a time delay between
the burst of star formation and the increase in o (Hopkins et al., 2012), which might
also explain why we do not see spatial correlation between velocity dispersion and
ongoing star formation.

It is the nature of dynamical studies of high-redshift galaxies that we only select

galaxies with active star formation. Even with gravitational lensing, where lower star
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formation rates are accessible, an observed emission line flux of > 107 1%ergs=! cm =2

is required for the galaxy to be targeted for integral field spectroscopy, equating to a
minimum SFR ~ 1Mgyr—! after accounting for lensing magnification. Thus, while
it is possible that cold gas accretion drives the initial high turbulence, at the stage
in which we observe the galaxies there is undoubtedly at least a contribution from
gravitational instabilities that triggered star formation, and the feedback from the
young stars themselves (see also [Elmegreen & Burkert (2010) for a detailed discus-
sion). While our data support the idea of self-regulation in star-forming galaxies
such that @) ~ 1, it is not clear that the possible mechanisms for driving up o to

stabilise the disc can be differentiated in star-forming galaxies with current data.

5.6 Conclusions

We have presented integral field spectroscopy around the Ha/[N1] or HS/[O111]
emission lines of 12 gravitationally lensed galaxies at 1 < z < 4, obtained with
VLT /SINFONI, Keck/OSIRIS and Gemini/NIFS. We combine these data with 5
galaxies from lJones et all (2010) and investigate the dynamics and star formation
properties of 17 high-redshift galaxies. The galaxies all benefit from magnification
due to gravitational lensing, increasing the flux by factors of 1.4 —90x and providing
spatial resolution of ~ 100 pc.

Our combined sample have stellar masses M, ~ 4 x 108 — 6 x 10101\/[@ and
dust extinctions of Ay ~ 0.3 — 1.1. The intrinsic star formation rates derived
from the Ha (or Hp) emission, after correcting for lensing and dust extinction, are

SFR~ 0.8 —40Mgyr—!. The use of gravitational lensing therefore allows us to probe
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the representative star-forming population at this epoch, with lower M, and SFRs
than other high-z surveys.

We fit rotating disc models to the sample to derive inclinations and dynamical
axes, from which we extract rotation curves and velocity dispersion profiles. All
of the galaxies in the combined sample have velocity gradients, and 15 out of 17
are well-fit by an arctan function indicative of rotation. Of the sample, 65% have
velocity profiles indicative of rotation, centrally-peaked velocity dispersion profiles
and sufficiently high v/c to be classed as possible rotating discs. Of the remainder,
29% have disturbed profiles that may be indicative of merging or interacting systems.
There is one galaxy we class as ‘dispersion-dominated,” though we note that we may
not have observed the full velocity gradient in this galaxy. The merger fraction is
in good agreement with other high-z kinematic surveys (e.g. Epinat et all, 12012;
Forster Schreiber et all, 2009; [Law et _all, 2009; [Wright et all, 2009), while, like
Newman et all (2013), we find that higher spatial resolution causes a higher fraction
of the remainder to be classed as rotating discs.

As gravitational lensing allows us to probe intrinsically smaller galaxies, we
extend relationships observed between galaxy size, velocity and v/o in unlensed
samples to smaller sizes. However, we observe a large degree of scatter in these
relations. We obtain best-fit relations of vy ~ 23712 + 60 and log (vret/0) ~
0.37log (7’1 /2) + 0.09, indicating that larger galaxies generally have a higher con-
tribution to their kinematic support from ordered rotation compared to random
motions.

We find that v/o increases with M, as log (M,) ~ 1.2log (vret/0) + 9.7. This
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extends this relation to lower M, than previous high-z samples and indicating that
galaxies become more dynamically settled as they increase in stellar mass.

We find that the sample is consistent with the local stellar mass Tully-Fisher
relation with no coherent evidence for redshift evolution, in common with the work
of Miller et al. (2012). Some of the highest-redshift galaxies are systematically
offset, which may be a hint of evolution in the zero-point, but at a statistically
insignificant level. We further demonstrate that the rotation in our sample, which
comprises systematically smaller sizes than unlensed studies, could be dominated
by baryons (see also Miller et _al., 2011)).

We extend the work of lJones et all (2010) and [Livermore et al. (2012a) by de-
tecting 50 star-forming clumps in our sample and study their luminosities, sizes
and velocity dispersions. In common with previous work, we find that the sur-
face brightness evolves with redshift, but we extend this evolution to z > 3. The
average star formation density in the brightest clumps evolves with redshift as
10g (Setump/Me yr~'kpe™?) = (3.5 £ 0.5)log (1 4 2) — (1.7 + 0.2). However, we find
that the clumps have similar velocity dispersions to unlensed high-z samples while
being smaller and less luminous; thus, they introduce a much larger degree of scat-
ter into the L — o and o — r relations observed in other studies. This could be an
indication that these clumps are not virialised, and that their velocity dispersions
may have additional contributions from star formation feedback or gravitational
instability.

We construct luminosity functions of the clumps, and find that they can be fit

by a Schechter function in which the break evolves to higher luminosities at higher
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redshifts. We find that the characteristic luminosity evolves as log (Lo/ergs™') =
(2.0£0.7)log (1 + 2z) + (41.0 £ 0.2). We show that both this evolution and that of
the clump surface brightnesses can be explained by evolution in the disc surface den-
sity, gas fraction and epicyclic frequency, as described by |[Livermore et al! (2012a).
We use the IFU data to test predictions of the redshift evolution of these quanti-
ties from simulations, and find that they are consistent, albeit with a large degree of
scatter. This supports the picture in which ‘clumpy’ galaxies arise at high-z because
gas-rich, turbulent discs fragment on larger scales, resulting in star forming regions
large enough to dominate the morphology of the galaxy. This clearly motivates more
direct observations of molecular gas in high-redshift galaxies to test this idea.

We also find that our sample is consistent with a correlation between Ly, and
o at log Ly, > 42, which has been used to show that turbulence in high-z galaxies
is driven by star formation feedback (Green et al., [2010; Lehnert et all, 2013, e.g.).
We show that if o is driven by self-regulation to maintain ) ~ 1 then it would be
expected to increase with redshift due to the increasing gas fractions. Using the
high spatial resolution of our data, we test the idea that the high ¢ is caused by
star formation feedback, and find that regions with high SFR surface densities do
not have high o. By comparing the total disc surface density in these regions to the
local o, we find that galaxies on average tend to have a Toomre parameter () ~ 1.
Star-forming regions have systematically lower @), indicating that they form as a
result of gravitational instabilities. Thus, we conclude that the turbulence is likely
caused by a combination of gravitational instability and star formation feedback, as

they are related processes, but that any energy injected into the ISM directly by
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stars must be radiated or dissipated such that the turbulent velocity dispersion is
not spatially correlated with ongoing star formation.

In studying the galaxy-wide kinematics, the star-forming clumps and the tur-
bulence of high-z lensed galaxies, we have found throughout that these properties
are all driven primarily by the galaxies’ gas content, a factor that remains relatively
unexplored due to the small number of observations of molecular gas in normal high-
redshift star-forming galaxies. It is to be hoped that the redshift evolution of gas
fractions (e.g. |Geach et all, 2011; [Livermore et all, 2012b) and the universality of
the Kennicutt-Schmidt law can be tested as ALMA in full science operations opens

up the more normal star-forming population.



Chapter 6

Summary

6.1 Key Results

In this thesis, we have presented a detailed study of the properties of high-redshift
star-forming galaxies that are gravitationally lensed by foreground clusters. The
lensing magnification provides a unique opportunity to study the ‘normal’ star-
forming population that is inaccessible to unlensed surveys with current facilities,
in a level of detail comparable to that achievable at z ~ 0.1.

In Chapter 3] we began by using narrowband filters on HST/WFC3 to image
the Ha emission in eight lensed galaxies at z ~ 1 — 1.5. The galaxy morphologies
seen in Ha tend to be dominated by a few large, bright regions, termed star-forming
‘clumps.” The high resolution of HST combined with the lensing magnification
results in effective spatial resolution of order ~ 100 pc, allowing direct comparison
to star formation in the local Universe, which occurs in HiI regions on ~ 100 pc
scales.

The first key result of this work was that star-forming clumps follow similar SFR-

206
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size scaling relations at all redshifts (SFR & r?), with evolution in the normalisation
towards higher surface brightnesses at higher redshifts.

The second key result of Chapter [3is the evolution in the luminosity function of
star-forming clumps, towards a higher cut-off luminosity (or mass) at higher redshift.

We link these two results with a simple theoretical model in which gas collapses in
marginally stable disks, and the ‘cut-off” in the clump luminosity function represents
the largest clumps on the scale of the Jeans mass. In this picture, the main driver
of clump size (and hence mass and luminosity) is the disk surface density, though
there is also a competing effect from higher epicyclic frequencies in more compact
high-z galaxies, which stabilise the disk and prevent collapse on the largest scales.

We have therefore shown that there is no requirement to invoke a second ‘mode’
of star formation to explain the intense SFRs seen in high-redshift galaxies. Rather,
they can be explained with the same physical processes as star-forming regions in the
local Universe, but occurring on larger scales due to the different conditions within
high-redshift galaxies. The disk surface density is dominated by the gas component,
and hence depends strongly on the galaxy’s gas fraction. In the more gas-rich disks
at high redshift, the clumps appear larger and more luminous, and therefore come
to dominate the host galaxy’s morphology, giving rise to its ‘clumpy’ appearance.

This result demonstrates the importance of understanding the evolution of molec-
ular gas content in high-redshift galaxies. We therefore go on to address this in
Chapter @

Observations of molecular gas at high redshift are challenging, and have therefore

been limited to the most extreme, highly star-forming examples. With the use of
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gravitational lensing, we can access a more representative example. We therefore
observed a z ~ 5 galaxy lensed by the cluster MS13584-62 with the IRAM Plateau
de Bure Interferometer at the frequency of the CO(5-4) emission line.

Even with the lensing magnification, the line is faint; we obtain a ~ 4 ¢ detection
with a line flux of 0.104 & 0.024 Jykms~!. The inferred molecular gas mass is
Mgas = 1155 x 10° Mg, implying a gas fraction foas = 0.5975-48. This is broadly
consistent with predicted trends for the redshift evolution of gas fractions, though
clearly a large sample will be required to test this further.

In addition to the gas fractions, the other driver of star formation properties in
galaxies that we identified in Chapter [Blwas the dynamics. If the epicyclic frequency
is higher, the disk will be stabilised against collapse, reducing the scale of star-
forming clumps. Higher turbulent velocity dispersions also provide support against
collapse. These quantities could not be measured from the narrowband imaging
data in Chapter 3] and were instead assumed from models. We therefore progressed
in Chapter [l to direct observations of the galaxy kinematics with Integral Field
Spectroscopy (IFS).

The advantage of IFS is that it provides a spectrum for every spatial pixel.
The mean wavelength of the emission line at a given position gives the line-of-sight
velocity, the line width gives the velocity dispersion, and the integral measures the
line flux. We therefore made maps of each quantity, and carried out a study of
the star formation morphologies similar to that in Chapter B whilst simultaneously
considering the galaxy kinematics. We were also able to estimate the stellar masses

and the level of extinction due to dust by modelling the galaxy SEDs from continuum
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emission.

The new observations of 12 lensed galaxies presented in Chapter [ represents
a significant increase in the sample size over other studies of lensed galaxies with
IFS. We combine these data with 5 galaxies at z ~ 2 from Stark et al. (2008)
and Jones et al. (2010), to form a combined sample of 17 star-forming galaxies at
1 < z < 4. Due to the use of lensing, these galaxies tend to be more representative
of the population as a whole than those accessible to unlensed work, with stellar
masses in the range M, ~ 4 x 10® — 6 x 101°M, and dust-corrected star formation
rates derived from Hoa (or HB) SFR~ 0.8 — 40Mgyr .

Of the sample, 65% were shown to have velocity profiles indicative of rotation,
centrally-peaked velocity dispersion profiles and sufficiently high v/ to be classed
as possible rotating discs. Of the remainder, 29% have disturbed profiles that may
be indicative of merging or interacting systems. There is one galaxy we class as
‘dispersion-dominated,” though we note that we may not have observed the full
velocity gradient in this galaxy. For comparison, unlensed surveys tend to find
approximately equal splits between rotating disks, dispersion-dominated galaxies
and mergers, although increasing spatial resolution with adaptive optics systems
is beginning to demonstrate that many galaxies classified as dispersion-dominated
turn out to be rotating when observed at higher resolution where beam-smearing
does not contribute so significantly to the velocity dispersion. This highlights the
importance of understanding the effect of spatial resolution when measuring galaxy
kinematics.

The high resolution of the lensed observations also allowed us to extend previously-
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observed relationships to smaller galaxies. We show that the correlation between
v/o and M, extends to low-mass galaxies, indicating that galaxy kinematics become
more ordered as they build up stellar mass.

We find no convincing evidence for evolution in the stellar mass Tully-Fisher
relation; the lensed galaxies are consistent with the relation observed at z = 0,
though with considerable scatter. Due to the small sizes of the lensed galaxies as
seen in nebular line emission, the dynamics are dominated by baryonic material.

We were also able to carry out a similar analysis to that in Chapter [3 of the
star-forming clumps extracted from maps of the Ha or HfS emission lines. A similar
evolution in both the clump surface brightnesses and the luminosity functions to
those seen in Chapter [3] were observed in these data, with the evolution now ex-
tending to z > 3. With the new IFS data, however, we were able to measure the
kinematics directly, and we presented tentative evidence that the epicyclic frequency
does evolve in line with the predictions from semi-analytic models, supporting the
theoretical model presented in Chapter [3]

The IFS observations also allowed us to measure velocity dispersions in the
clumps, but contrary to previous unlensed studies we did not observe any corre-
lation within the lensed sample between velocity dispersion and either luminosity
or size. This could indicate that the clumps are not virialised, or that there are
resolution effects in the data, or a combination of the two.

We finished Chapter [ by exploring the origin of the velocity dispersion in more
detail. Using the high spatial resolution of the lensed data, we compared the disc

surface density to the local velocity dispersion, and found that the velocity dis-
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persion is not necessarily enhanced in dense or highly star-forming regions. We
therefore concluded that the high velocity dispersion in high-redshift galaxies are
probably driven by gravitational instabilities, although as these instabilities lead to
star formation, there is likely to be a contribution from star formation feedback that

does not remain localised to the star-forming region.
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6.2 Future Work

The work presented in this thesis has demonstrated the potential of gravitationally
lensed galaxies as a laboratory for probing the spatially resolved properties of distant
galaxies. We conclude by discussing the future prospects for this work, and its
implications for the future of high-resolution studies of high-redshift galaxies with

the next generation of telescopes.

6.2.1 Further work with lensed galaxies

This work has concentrated on the star formation within lensed galaxies, but the
wealth of data accumulated for the current sample presents a number of other op-
portunities to investigate other properties of these galaxies.

The first of these is the spatially-resolved metallicity properties. The author was
involved in the pilot study of the metallicity gradient of MACSJ1149 (discussed in
Chapters Bl and [) by [Yuan et all (2011), and we intend to extend this work to the
rest of the sample using the [N11]/Ha or [O111]/HS metallicity indicators from the
data presented in Chapter Bl The spatial distribution of metallicity can be used to
differentiate between ‘inside-out’ and ‘outside-in’ formation scenarios, and probes
the interplay of accretion, enrichment and outflows that together set the properties
of the interstellar medium.

An additional prospect for expanding on the work on this sample lies in spatially
resolved stellar population models. This has been explored with another pilot study
on MACSJ1149 in which the author was involved, by |Adamo et all (2013). For those

clusters with extensive multi-wavelength archival data, we can fit SEDs on a pixel-
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by-pixel basis to compare the stellar populations in different regions of the galaxy.
We created crude stellar mass maps in Chapter [l for the purpose of estimating the
disk surface density, but a more robust mass map constructed with resolved stellar
population synthesis modelling could be used to compare the distribution of stars
to that of star formation. Work in this area with unlensed galaxies on ~ kpc scales
has revealed that the distributions are not correlated, i.e. that star clusters are not
coincident with star-forming clumps (Wuyts et al., 2012). With the lensed sample,
we could test this on smaller spatial scales and in more representative galaxies.

We can also use spatially-resolved stellar population models in conjunction with
the star formation properties presented in this thesis to estimate the ages of star-
forming clumps. Simulations have predicted that these clumps should migrate to-
wards the centre of the galaxy, where they combine to form bulges seen in present-day
spirals (Bournaud et all, [2011; (Ceverino et al., 2010; [Dekel et al.; 2009). Estimating
the ages of the clumps is one means of testing whether they are sufficiently long-lived
for this process to be possible. The distribution of ages with galactocentric radius
may even provide evidence for the migration process in progress.

If the clumps are not sufficiently long-lived to migrate to the galaxy centre,
one likely disruption process is feedback from star formation. Deep spectroscopy of
unlensed star-forming galaxies shows evidence of a broad component to the emission
lines in star-forming clumps, possibly indicative of a fast outflow (Genzel et al., [2011};
Newman et al., 2012h). The signal-to-noise required for these broad components to
be identified is higher than that of the data in Chapter Bl but could be achieved with

additional observations of a small sample in order to explore the outflow hypothesis
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in less extreme star-forming galaxies.

Another opportunity for studying the outflows from star-forming galaxies lies in
the absorption lines in the UV. One of the key results from spectroscopic surveys
of Lyman Break Galaxies (LBGs) is that ‘superwinds’ (ISM material blueshifted
by up to 400 km/s) are common (e.g. Pettini et al), 2001; [Steidel et all, 2010).
Further studies at a range of redshifts have found increasing evidence that outflows
are driven by star formation (e.g. [Erb et all, 2012; Martin et al., [2012), with an
apparent ‘threshold’ of star formation surface density of Ygpr ~ 0.1 My yr~tkpc?
for the launch of outflows (Kornei et all, [2012), which is comparable to the surface
densities of star-forming clumps in high-redshift galaxies (see Chapters Bl and [l).

Studies of outflows at high redshift have focused by necessity on integrated spec-
tra. Whilst the bulk velocity of the outflows can be inferred from integrated spec-
troscopy alone, in order to constrain the mass (and hence kinetic energy) in the wind,
spatial information is required. For example, where do the winds originate? Are they
associated with star-forming regions, or are they decoupled from the galaxy? Does
the outflowing material eventually fall back onto the galaxy, or is it injected into
the intergalactic medium? Addressing these questions requires spatially-resolved
spectroscopy on scales comparable to the star-forming regions.

Currently, prospects for this work are limited by the available observational
facilities. In high-redshift galaxies, the UV absorption lines are observed in the
optical region of the spectrum, where there are no adaptive optics corrections. Even
with gravitationally-lensed galaxies, therefore, it is currently only possible to resolve

these spectral lines on ~ kpc scales. However, this will change with the installation
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of the Multi Unit Spectroscopic Explorer (MUSE) on the VLT, an optical IFU with
an adaptive optics (AO) system (Bacon et all, 2010). Once MUSE is operating
with AO correction, combining its high spatial resolution with the magnification
of gravitational lensing will provide a powerful probe of the spatial distribution of
feedback processes of distant star-forming galaxies.

Throughout this thesis, we have noted the importance of gas fractions in gov-
erning galaxy evolution. In Chapters [3l and [0l we noted that the turbulent, gas-rich
disks of high-redshift galaxies appear to be main driver of the intense star formation
seen in distant clumpy galaxies. Yet, as discussed in Chapter [, direct observations
of the gas are challenging even with the benefit of gravitational lensing, and the evo-
lution of gas fraction with redshift remains poorly constrained. With the Atacama
Large Millimetre/submillimetre Array (ALMA) in full science operations, it should
become possible to detect the CO emission in the current sample of lensed galax-
ies. This will enable us to better understand the Kennicutt-Schmidt law - which
is assumed to be redshift-invariant throughout this thesis - and how the changing
composition of the interstellar medium has influenced the evolution of star-forming
galaxies.

There are also good prospects for increasing the sample size of lensed galaxies
in the near future, with the Hubble Space Telescope Frontier Fields programme.
This will take multiwavelength observations of six lensing clusters over the next
three years, potentially enabling the detection of previously inaccessible galaxies at
o <z < 10.

Advances in facilities are also likely to revolutionise the field. Over the coming
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decade, the next generation of ~ 30 m telescopes, with their increased light-gathering
power and unprecedented spatial resolution, will offer significant advances over cur-
rent facilities. In addition, the James Webb Space Telescope (JWST), currently
scheduled to launch in 2018, will offer increased sensitivity and spatial resolution in

the near-infrared from space, and will offer the first space-based integral field unit.

6.2.2 The limitations of gravitational lensing

This thesis has demonstrated the power of gravitational lensing for making detailed
observations of high-redshift galaxies that are inaccessible to current unlensed sur-
veys. However, there are a number of difficulties associated with the use of lensed
galaxies.

One notable difficulty is the amount of observing time required. The lenses must
first be located from existing surveys, and then spectroscopy of as many lensed arcs
as possible is required in order to model the mass of the foreground cluster. Only
then can the detailed observations of the target lensed galaxy be made. Analysis is
then complicated by the need to reconstruct the source-plane image of the galaxy.

The time investment required means that the sample size is, by necessity, ex-
tremely limited, with the sample presented in this thesis representing the largest
selection of lensed galaxies with spatially resolved studies compiled to date. The
sample is subject to selection effects that are difficult to quantify, as the intrinsic
magnitude limit is dependent on the magnification of the foreground cluster.

There are also additional sources of error inherent in studies of lensed galaxies

due to uncertainty in the modelling of the mass distribution of the lensing cluster.
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We have quantified the error in magnification in this thesis as typically 20—30 % over
the whole galaxies, but in practice these errors will vary across the galaxy images,
with errors in the immediate vicinity of critical lines likely much higher.

Finally, one of the largest sources of difficulty for the spatially resolved studies
presented in Chapters 3] and Ml is that the magnification acts preferentially in one
direction. This leads to a distorted, elliptical effective PSF in the source plane.
In the most extreme cases, improved resolution is only achieved along one axis.
We have sought to account for this throughout this work, but it does inevitably
introduce additional uncertainties into any morphological analysis. To compound
the problem, the galaxies with the most asymmetric magnifications are the ones
that appear as the most extended arcs on the sky, and are thus more likely to be
identified as lensed and selected for follow-up.

The only means of entirely eliminating the problems associated with gravitational
lensing is to achieve the same depth and spatial resolution in unlensed sources, which
requires large telescopes. The next generation of ~ 30m telescopes (the European
Extremely Large Telescope (E-ELT), the Giant Magellan Telescope (GMT) and the
Thirty Metre Telescope (TMT)) can theoretically offer a ~ 4x improvement in spa-
tial resolution accompanied by a > 10X increase in light-gathering area. Within
the next decade, therefore, it should become possible to carry out the kind of anal-
ysis detailed in this thesis on unlensed galaxies. This will enable us to place this
work in proper context, and to understand the detailed properties of galaxies in an

unprecedented level of detail.
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6.3 Conclusions

In this thesis, we have harnessed the power of gravitational lensing to study the
star formation in high-redshift galaxies. By taking advantage of the magnification
of distant sources by foreground lensing clusters, We have shown that although the
most distant galaxies appear very different to those found locally, with irregular,
clumpy morphologies, they can be explained by the same physics that govern star
formation in the local Universe.

The next steps are to expand this work into other observable features of the
lensed galaxies, such as metallicity gradients and outflows. In the long term, the
next generation of telescopes on the ground and in space will potentially open up the
general, unlensed population to observations in the level of detail that are currently
possible only in lensed cases. As such, this work has acted as a preview of the

capabilities of the extremely large telescopes of the future.
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