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T

The star formation rate density (SFRD) plotted against the redshift, known as the Lilly-Madau plot and

here reproduced from |Casey et al|(2014]). The plot shows an increase in SFRD between 0 < z < 1 of

about an order of magnitude. The evolution peaks between 1 < z < 3 and flattens out at z > 3.| ..

(1.2

A reproduction of an artist impression of how light from a background source is amplified by the gravita-

tional potential of the foreground galaxy or galaxy cluster (reproduced from ESO PR1313). The resulting

image observed is shown as the red clumpy ring around the lensing source.l ..

(1.0

Ten lensed dusty star-forming galaxies from the SPT survey (reproduced from |Vieira et al,||2013|). The

background shows the HST image in grey and overlaid in red contours is the ALMA dust continuum

emission, showing the lensed background source. | ..

T4

Spectra of the 26 SPT selected DSFGs observed with ALMA (Cycle 0) in a blind CO survey (reproduced

from |Vieira et al.|[2013)). Forty-four molecular and atomic emission lines were observed for 23 sources,

while no lines were observed for three sources. | .

(1.0

The number of DSFGs as a function of redshift (reproduced from |Weif3 et al.l (|2013|)). The red histogram

shows the distribution of the SP'I" selected DSFGs, the green histogram the distribution of the DSFGs

from |Chapman et al.|(2005) and the black histogram the distribution of the sources from |Smolcic et al.|

(2012). A comparison between the three distributions shows that the SPT DSFGs and sources from

|Smolcic et al.| (12012|) peak at higher redshifts than the sample from |Chapman et a1.| (|2005|).| e

(1.6

A sketch of the unification model, showing that the observed properties are highly dependent on the

viewing angle (reproduced from |T0rres||2003|).|

(1.7

Tllustration of the change in the spectral index, depending on the observed wavelength. On the z-axis

1s wavelength and on the y-axis is lux. For a fixed observed frequency, different redshifts yield different

observed wavelength and therewith different spectral indices.l

T3

The KS-relation for local and high-z galaxies (reproduced from |Casey et al.[2014). On the z- and y-axes,

the molecular gas surface density and the SFR surface density are plotted, respectively. For all three

panels, circles and stars represent quiescently star-forming galaxies and starburst galaxies, respectively.

T'hese two populations are further divided into small orange circles and small blue stars representing local

galaxies and large red circles and large blue stars representing galaxies at high redshifts. The contours

show resolved data from [Bigiel et al. (2008). Left: The KS-relation where the conversion from CO-to-Hg

has not been applied. Middle: The K5-relation assuming a bimodal CO-to-Ho conversion factor. The

grey curves indicate the best fit sequences to the quiescent galaxies and ULIRGs. Right: The KS5-relation

for a smoothly varying CO-to-H2 conversion factor. | ..
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(2.1

Comparison of the velocity profiles of the [CII] lines detected with APEX/FLASH and SPIRE FTS (grey

filled profiles) and mid-J CO line observed with ALMA in Cycle 0 (coloured lines; |Weif} et al.}|2013).The

CO lines have been scaled to match the [CII| peak flux. The similarities between the CO and [CII| lines

for individual sources suggest that the spatial distributions are similar and differential lensing is not

siqniﬁcant.l

[2.2

Herschel SPIRE FTS spectra for SPT0551-50 and SPT0512-59. Left: Non-detection of the [CII] emission

line for SPT0551-50. Right: Detection of [CII| emission line for SPT0512-59. The continuous red curve

is the sinc-function used to fit the [CII] line (see [Valtchanov et al|[2011). | . .

[2.0

Observed Lpirvs redshift for the 20 SPT sources and the comparison sample. No Lgrg have been

corrected for lensing magnification factors. The distribution shows the Malmquist bias where high-z

galaxies require either lensing magnification or very high intrinsic FIR luminosity of Lpir 2> 10 Lg to

be included in the parent sample. The evolution of the luminosity function and the smaller comoving

volume at low redshifts imply that objects with similar high intrinsic Lyig are missing from the low-z

sample. However, the most highly lensed DSFGs may have similar intrinsic Lyrgthan the most luminous

sources in the local sample.| .

P!

L[CH]/LFIR vs Lpr for SPT sources and the comparison sample. As reported in previous versions of

this plot, the Licy/Lrir is anti-correlated with Lyir. In particular at L 2 101" L, the Licry/Lrir

ratio drops and has a larger spread. For the SP'I' sources without known lensing models, we assume a

lensing magnification factor of 14.1 (and an uncertainty which encompasses the range of 5 to 22 from the

known models). The typical error bar for the literature sources is represented by the black cross in the

lower left. The histogram on the right shows the distribution of galaxies with Lprr > 10! L. | ..

25

Licm /Lrir vs the FIR luminosity normalised by the molecular gas mass. The molecular gas mass

is derived assuming a conversion factor of aco = 0.8Mg (Kkms™'pc~™2)~!. The Lyr/Mpu, ratio

1s expected to be proportional to the number of stars formed 1n a galaxy per unit molecular gas mass

(Gracia-Carpio et al.,|2011). This My, normalisation removes the uncertainty due to the unknown lensing

magnification factors, and reduces the scatter seen in Figure |2.4|, but the deficit in the Licry/Lrir ratio

still persists. The typical error bar is represented by the black CI‘OSS.I

o1

2.6

Top panel: Lici/Lrir vs Tq for the SPT DSFGs and the low and high-z comparison sample. The

anti-correlation between the Liciy/Lrir ratios and the dust temperatures is seen for both low- and

high-z sources, and is expected because the Stefan-Boltzmann law predicts Lrig o< Ty*. Bottom panel:

[CI|xTy*/Lrirvs Ty for the SPT DSFGs and the low and high-z comparison sample. Multiplying the

L[CII]/LFIR ratio with Ty* cancels out the temperature dependence of the Stefan-Boltzmann law. All

lensing magnification factors and beam filling tactors cancel in both panels, and the typical error bar is

represented by the black cross.|

52

2.7

The [CII] luminosity versus the CO luminosity for the SPT DSFGs and the comparison low and high-z

samples. These star forming systems show a correlation between the [CII] and CO(1-0) luminosities.

Fitting a ratio to 11 SPT sources with [CII] detections and CO(1-0) data yields a slope of ~ 5200. The

width of the grey shaded area represents a 1o spread, ~ 5200 £ 1800. Fitting a ratio to the low-z sample

yields a slope of 1300 4 440. The typical error bar for the low-z sources is represented by the black Cross.l
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|28 Liciy/Lco(i-0) vs Ta for the SPT sources and the low and high-z comparison sample. The typical

error bar 1s represented by the black cross. The grey shaded area represents the 1o spread of the

Lici/Lco(i-o) ratio in the SPT sample. Both the SPT sources and the low-z sample do not show any

dependence on Ty. The high-z AGN-dominated sources are both warmer and have fainter [CII] relative

t0 CO . v o o e s, b3

|29 The Licrr/Loo(i-o) ratio predicted from the source functions versus equal [CII] and CO(1-0) excitation

temperatures (Toy [c1] = Tex,cO(1-0)), for three different cases of the optical depth: ) optically thin
|CII] and optically thick CO(1-0) (the black dot-dashed curve), i2) optically thick [CII| and optically thin
CO(1-0) - (the grey dot-dashed curve), i) same optical depth of [CII| and CO(1-0) (blue dashed curve).

The grey shaded area represents the 1o spread of the Liciyj/Lco(1 o) ratio in the SPT sample. Case ¢

underpredicts the ratio by an order of magnitude. Cases % and 22z can both reproduce the observed ratio.

However, we know from ““CO to ~>CO ratios that CO is optically thick (e.g.|Spilker et al,|2014)), which

rules out case . Only case 12, implying optically thick CO and [CII], is consistent with all observational

|210 Tex,co(1-0) @ a function of T,y icryy- In all cases, the excitation temperature of [CII] is higher than for |

| CO(1-0). The blue dashed curve with the light grey shaded area shows the observed Liciy/Lco(i-o) |
| = 5200 £ 1800 range of SPT DSFGs in the case of equal [CII] and CO optical depths. The red continuous |

| curve and hashed area 1llustrates that the difference between the excitation temperatures becomes even |

| more significant for Ticy=1 and Tco(1-0)=4. The dot-dashed curve and the dark grey shaded area |

| illustrate the case of 7jcij= 0.1 and 7co(10)= 1. 'The hatched horizontal area marks 7¢, co1-0)= |
I 35E10K.] . .. DT

|2 11 The Lici/Lco(i-0) ratio as a function of the [CII] excitation temperature for a fixed T,y co(1-0)=35 K.

The observed Licrr/Lco(i-o) ratio in the SPT DSFG sources (grey shaded area) is achieved within

Tex,[c11] ~ 60 — 90K for equal [CII] and CO optical depth (blue curve). In the case of ¢y = 1 and

Tco(1-0) = 4, the Lici/Lco(i-0) ratio is achieved for Ty (c1yp = 85 — 110 K. The optically thin 7jcry

= 0.1 and nearly optically thick Tco(1-g) = 1 case is reached by [CII] excitation temperatures in the
range ~ 240 — 330K (black dot-dashed curve).| . . . . . . . . . . . ... .. ... 59

|2.12 Liciy/Lrir vs Leo@-0)/Lrir for the SPT sources and the low and high-z comparison sample. The |

| figure (e.g. |Wolfire et al.| [1989; |Stacey et al., |2010) compares the values of the strength of the radiation |

| field Gp and the density n for low and high-z sources. The diagram 1s independent of lensing magnification |

| factors for high-z source and beam filling factors for low-z sources as both the [CII] and CO(1-0) emission |

| is normalised by the FIR Iuminosity. The typical error bar is represented by the black cross. To compare |

| the observations with the model contours [Stacey et al.| (2010) assume that 70% of the [CII] emission |

| originate from PDRs. The grey shaded area represents the 1o spread of the Liciy/Lco(i-o) ratio in the |
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[0.1

Overview of the IRAC (3.6 um and 4.5 um), MUSE (Lya and Hell) and ALMA (235 GHz) maps. Panel

A and B: The IRAC 3.6 um and 4.5 pm images showing both Yggdrasil and Thor. Both IRAC images

have a spatial sampling of 0.61"” /pixel. Panel C: A red (Lya), green (Lya) and blue (Hell) image

composed of moment-0 maps of the MUSE cube, which have a spatial sampling of 0.2"" /pixel. The red

Lya moment-0 is summed over Aops = 4768.8 —4776.2 A (see red bar in panel A of Fig.|3.5), the green Lya

moment-0 is summed over A,ps = 4754.3 — 4758.8 A (see green bar in panel A of Fig.[3.5) and the blue

Hell moment-0 map is summed over \gps = 6422.5 — 6430.0 A. The red Lyc reveals a bridge of emission

connecting Yggdrasil and Bifrost (see §4.3)), while the green Lya emission shows extended emission to

the west. The Blue Hell shows an extended tail of Hell emission towards the WSW, which is not seen in

Lyo emission (see §[3.3.2)). Panel D: The ALMA dust continuum map reveals weak dust emission at the

position of the AGN, but strong dust emission 1n three aligned components 48-65 kpc SW ot the AGN.

T'he mm continuum flux density of all four continuum sources are extracted with apertures of; Yggdrasil:

2.6 x 1.77, Freja: 1.8 x 1", Thor; 1.9” x 1.5” and Odin: 1.2” x 1.4”. Far right: Schematic overview

of the multi-wavelength components detected in MRC0943-242. VLA 4.5 GHz radio observations have

been overlaid in yellow contours in Panel A, B and D. The plotted contour levels are for —30, 2 X 30,

3v/2 X 30, 5v/2 X 30, which is the same for all VLA contour levels through out the paper. The position

of Loke is marked with a red cross in Panel A, B and D.l .

[2.2

The ALMA cube shows CO(8-7) emission at two positions in the data cube: at the location of Yggdrasil

and to the SW in an isolated component: Loke. Middle panel: The grey scale image of the CO(8-7)

emission overlaid with the ALMA dust continuum contours. Note the increase in noise towards the edges

due to the primary beam correction. Left and Right: The CO(8-T7) velocity profiles for both Yggdrasil

(left) and Loke (rigth). Surprisingly the CO(8-7) lines only have a small offset from the Hell systemic

redshift (dashed vertical line). The spectra are extracted from a beam-sized area at the position of the

emission, and have RMSs of 1.5 mJy and 1.0 mJy respectively. Both detections are unresolved at the S/N

of our data.l

7

[8.9

The top panel shows the full MUSE spectrum for Yggdrasil. All detected lines (other than Ly«) are

indicated with a black dotted lines, and the velocity profiles are shown in Panel B-I. The velocity profiles

for NV, SilV, NIV]|, CIV, Hell, OIII], CIII, and CII| assume Hell as the systemic redshift. The CIV

emission line shows absorption troughs like those of the Ly« emission line.l .o

80

[0.4

The offset of the emission line and absorption features centers from the Hell systemic redshift. Red

points are emission lines observed for Yggdrasil. Yellow is the Lya emission line for Bifrost. Green is the

CO(8-7) emission line for Yggdrasil and Loke. Blue and purple are the center of the absorption feature 2.

The emitting components are distributed within £200 km /s of the systemic velocity, while the absorbers

are all blue shifted by ~350km/s.|

82
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|35 Overview of emission and absorption components at different positions around MRC0943-242. Middle |

Panel: Composite Red-Green-Blue image of Lya and Hell emission (see caption of Fig. [3.1] for more

details) with the ALMA 235 GHz contours overlaid in grey. Panel A: The Lya line profile of the full area

of Yggdrasil (elliptical aperture of 1.3” x 0.7""), showing all four absorption components. Component 2 is

the most prominent and goes to zero intensity at its center. The spectrum has an RMS of 0.3x10~ 1" erg

—1

s—1 cm—2 A~1. The blue, green, red and orange bars above the spectrum shows the range in wavelength

| the channelmaps in Fig.[3.6| have been summed over. The blue corresponds to panel A, green to panel B, |

red to panel C and orange to panel C in Fig.|3.6] Panel B and C: The Lya profiles of two areas near the

1

nucleus (circular 0.5” apertures) and have RMS of 0.1x10~*" erg s™! cm =2 A~!. These profiles likewise

show signs of all four absorption components. Panel D: The Lya profile of Bifrost (circular 1.2”aperture

and RMS of 0.1x10~"" erg s~ ') showing sign of absorption component 2. Panel E: Spectrum extracted

at the Hell emitting tail (0.7” aperture), showing no sign of Lya emission and an RMS of 0.02x10~ 17

erg s~ cm—2 A~!. The Hell lines is over-plotted in grey. Panel F: The Lya profile of the western

| extended Lya emitting gas (0.4” aperture). All Lya velocity profiles have been fitted with Voigt profiles |

| superimposed on a Gaussian profile. These fits are shown as the red curves over plotted on the spectra. | 83

|3b Lya Moment-0 maps summed over the wavelength ranges illustrated with the coloured bars in panel A
of Fig.|3.5f Panel A: sum over the blue bar (Aops = 4732.5 — 4747.5 A). Panel B: sum over the green
bar (Aobs = 4754.3 — 4758.8 A). Panel C: sum over the red bar (\ns = 4768.8 — 4776.2 A). Panel D:

sum over the orange bar (Aohs = 4778.8 — 4793.8 A) Over-plotted with yellow contours in all panels is

theVLAradiomapasareference.l. e e e e e e e e e e e e e e e e e e e e e e e e e 84

[5.7  Continuum subtracted moment-0 maps of the CIV, Hell, CIII] and CII| emission lines. The continuum |

is determined from the nearby line free channels for each line. Panel A: sum over the CIV emission

line for the wavelength range A\,ps = 6050 — 6090 A. Panel B: sum over the Hell emission line for the

wavelength range Aops = 6422 — 6430 A and is the same image as the blue colour of the middle panel
of Fig.[3.5] Panel C: sum over the CIII| emission line for the wavelength range \ops = 7455 — 7485 A.

Panel D: sum over the CII] emission line for the wavelength range Aops = 9071 — 9171 A. Over-plotted

with yellow contours in all panels is the VLA radio map, as a reference.l e e e e e e e e e 85

|38 The spectral energy distribution of MRC0943-242. The spatial resolution of the ALMA data allows us |

| to disentangle the SED in the AGN heated component (red curve) and star formation heated component |

| (blue curve). The sum of these two components is illustrated by the black curvel| e e e e &9

[0.9  Line ratio diagnostic diagrams involving Lya, CIV, Hell, CIII] and CII] (adapted from [De Breuck et al.| |

| [2000a), their Fig. 13). The thick green cross shows the flux line ratios observed for Yggdrasil, while |

| the circles show other HzRGs from the literature. Also shown are photo-ionization and shock models to |

| illustrate that the observed line ratios in Yggdrasil are dominated by photo-ionization with a contribution |

| of up to ~30% by shocks (see |De Breuck et al.L |2000a|, for more details). | e e e e e e e e 98

|4.1 Overview of the spatial distribution of the detected components. The natural weighted 246 GHz con- |

| tinuum map is in grey scale and the two [CI|2—1 components 1 and 2 are marked with the blue and |

| red ellipses, respectively. The two HoO detections are marked with orange ellipses, and the 246 GHz |

| continuum components marked with green ellipses. The sizes of the ellipses represent the extractions |

| used for the photometry. The knots in the radio jet are marked with red-orange diamonds and labeled |

| according to |Pentericci et al.| (1997). The numbers correspond to the numbering in |Kuiper et al./[2011] |
| The ALMA beam is shown as a black ellipse in the lower left corner.l 07
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|42 The 246 GHz continuum map with robust 0 in grey scale overlaid with the radio map in orange contours. |

| The fitted continuum emission peaks are marked with green crosses. Companion #10 to the west is |

| co-spatial with the knot B3 in the radio jet dPentericci et al.l, |1997|).| e e e e e o106

|45 HST F814W image (IHatch et al.l, |2008|) in grey scale overlaid with the natural weighted 246 GHz contin- |

| uum map in green contours with levels of 1.50, 30 and 50. In the natural weighted continuum map we |

| detect emission from companion #10 (and tentatively from #8) of [Kuiper et al2011] The purple cross |

| marks the position of the nearby Lya emitter at the position of the HzRG. The purple circles mark the |

| positions of Lya emitters, the squares mark the position of Ha and the triangles extremely red objects |

| within the Lya halo or MRC1138-262. The Lya emitter #491 is offset by 0”'8 from the companion source |
| seen in 246 GHz continuum emission west of the HzRG (see also Fig. |44|) | A 0]

|4.4 The HST F814W image in grey scale overlaid with the 246 GHz continuum in green contours. Bottom |

| panel: The tull region of the Spiderweb Galaxy, where the companion #10 1s co-aligned with a group of |

| calaxies. Top panel: Zoom in of the region around the companion sources. The purple circle mark the |

| position of the Ha emitter #491 (Kurk et al., |2004b), which is the close to the dust continuum emission |

| companionsource.'.................................. 109

4.5 [CI]2-1 spectra and moment-0 maps for component 1, component 2 and the total [CI]2—1 and CO(7—6) |

| emission. Jop row: The spectra extracted from beam sized areas for component 1, component 2 and |

| the total. The areas from which the spectra of component 1 and component 2 are extracted do not |

| overlap. The Lorentzian profile for the component 1 [CI]2-1 line (top left), the double Gaussian profile |

| for the component 2 [CI[2—1 line (top middle) and the single Gaussian fits for the two CO(7—6) lines |

| are over-plotted as black curves. The sum of the Lorentzian and Gaussian profiles is over-plotted in |

black in the total spectrum (top right). The dashed lines mark the 0-velocity of the [CI|2-1 frequency

at z = 2.1606, and the dotted lines mark the O-velocity for the CO(7-6) frequency at the same redshift.
This redshift is in agreement with the redshift determined from the CO(1-0) line (Emonts et al.,|2013]).

The dotted-dashed line marks the O-velocity of the [CI|2—1 frequency at z = 2.156 determined from the

Hell A1640A line (which as a non-resonant line, should represent the systemic velocity of the AGN,

[Humphrey et al. [2008). Bottom row: The moment-0 maps of the [CI|2-1 emission from component 1

(bottom left), component 2 (bottom middle) and the total (bottom right) [CI|2—1 emission and zoom-ins

of the centres of the images. The total [CI|2-1 moment-0 maps is overlaid with [CI|2-1 line contours of

component land 2. The blue and red crosses indicate the peaks of the |[CI|2—-1 emission of component 1

(blue) and component 2 (red)| . . . . . . . . . .. ... ... ... ... 111

|4© Bottom panel: Moment-0 map of the CO(7-6) emission at the position of the brightest companion. Top |

| panel: The spectrum extracted from the beam size area shown by the light blue ellipse at the position |

| of the companion sources in the bottom panel and is binned to 30 km/s channels. The spectrum shows |

| both the continuum and CO(7—6) line emission. The redshift of the line is consistent with the optical |

| z = 2.1446 (IKuiper et al,l, |2011|) which was taken as zero velocity in the spectrum.l . 5




List of Figures

X1X

4.7

The non-continuum subtracted H2O spectra for the detection of the west and east and the non detection

at the position at the HzRG and H2O moment-0 map. Top left panel: The HoO line detected ~ 50 kpc

to the east of the radio core, has a 3.7c0 significance. The emission 1s located due west of the knot A

in the radio jet. The fitted Gaussian is over-plotted in orange. Top middle panel: Spectrum at the

position of the radio core, shows no detection of HoO emission — only continuum emission. A small

separation between the two spectral windows results in the gap in the continuum between —1300 and

—1500 km/s. Top right panel: The HoO line detected ~ 25kpc to the west of the radio core, showing

a 40 HoO detection at the expected frequency for z = 2.161. The emission is located at the bend of

the radio jet, B4 (Pentericci et all [1997). The best fit Gaussian is over-plotted in orange. Bottom

panel: Moment-0 map of the HoO emission (without continuum subtraction), overlaid with the 246 GHz

continuum emission in green contours. 1he orange ellipses mark the HoO emission and the orange-red

diamonds the positions of the knots in the radio jet given by |Pentericci et al.l (11997|).| P

4.3

The [CI]2-1 spectra (dark blue, dark red and black histograms) for component 1, component 2 and the

total over-plotted with the respective CO(7—6) lines (light blue, orange and white histograms) to compare

the velocity profiles. T'he fitted profiles from 3§ |4.3| are over-plotted as black curves, with the individual

velocity components as dotted lines. The narrow [CI|2—1 component of component 2 is offset by 365 km /s

from the systemic redshift. The bar above the velocity profiles in the right plot, marked the Hell redshift

and errors (olive bar) from |[Roettgering et al.| (1997) and the CO(1-0) redshift and error (blue bar) from

|Em0nts et al.l (I2013|).| ..

4.9

The CO(7-6) vs the [CI]2-1 luminosity for a sample of high-z SMGs and QSO (grey circles) and the

Spiderweb Galaxy (red circles). The dotted curve is the 1-1 relation. | e

.10

The Ly,0/Lir-ratio versus intrinsic Lig for the HoO detections from [Omont et al.|[2013| along with

the HoO detection for the Spiderweb Galaxy. The grey circles are sources from |Omont et al.|2013| with

directed detections of the 2p2 — 113 line and the grey triangles are sources with 211 — 2092 detection scaled

using Mrk231 as a template to get an estimate on the 292 — 117 luminosity. The Spiderweb Galaxy

1s marked with the red point. We here plot the summed H2O emission of the Western and Eastern

detection, as the IR luminosity is integrated over the full source.l ..

122



XX

List of Figures




List of Tables

(1.1

Overview of the different AGN types, classified by their orientation and if they are radio quite or loud.l

13

D1

Observed [CII] and FIR properties. All luminosities are uncorrected for the lensing amplification. The

upper limits for the velocity integrated Huxes given for the non-detections are obtained by assuming the

FWHM observed for the CO lines. The total integration time with SPIRE F'T'S and FLASH 1s 92 hours.

T'he integration time per sources is given in the last column.

1 Full source names are listed in Table 1 of Weif} et al.| (2013) or in Table 2.3}

* Has CO(1-0) observations (Aravena et al., in prep.).

% Has CO(2-1) observations (Aravena et al., in prep.).

* See |Bothwell et al.| (12013al) for more details.|

45

(2.2

The first column contains the names of the sources for which both [CII] and low-J CO lines have been

detected. T'he second and third columns list Gg and n for the sources determined from the PDR models

in Figure [2.12] Note that especially n can be very uncertain as the models are very degenerate in this

part of the diagram. Column four gives the size range determined using the short and long mean free

path assumed by Stacey et al. (2010). The fifth column lists the radii for the sources which have lens

models (Hezaveh et al. 2013), and the sixth column gives the range in sizes of the molecular gas estimated

from the molecular gas mass range given by aco = (0.8 — 2) Mg (Kkm/spc?)~!. The last column lists

the lensing magnification factor from |Hezaveh et al|(2013); SPT0529-54 is not included in this table as

low-J CO lines have not been observed for this source. The sources marked with 7, we have assumed a

mean of (p) = 14.1 (see §2.3.2). | . . .

3

Source names are based on positions measured with the SPT (Mocanu et al. 2013). Source positions are

[ based on the ALMA 3mm continuum data.l

(2.4

The high-z sources in the comparison sample. All but one sources (ALESS61.1) have published [CII] and

CO detections. The observed CO luminosities have been scaled to CO(1-0) luminosities using the ratios

from Stacey et al. 2010. The first 14 sources have a sufficient amount of photometric data published

for the determination of Lyir and 74, while the remaining are unconstrained. ALESS61.1 has good

photometry, but no published low-J CO observations.

* A sum of the [CIT] and CO emission from the north and south source.

T AGN dominated sourcel




xxii

Abstract

|3 1 Velocity integrated fluxes and FWHM of the resonance , fine-structure, and molecular lines for Yggdrasil,

in-between Odin and Thor and Loke. The ATCA observations have a beam size 11.5” x 9.0 and PA

87.5°. The 30 upper limits on the CO(8-7) line emission for Freja, Thor and Odin are given assuming a

FWHM of 50km/s, i.e. similar to the CO(8-7) lines for Yggdrasil and Loke.|

|3.2 Parameters determined by fitting a Voigt profiles to the absorption troughs. Fits are performed on the

absorption troughs in the Lya line observed tor both Yggdrasil and in-between Odin and Thor. The CIV

line has been fitted with two Voigt profiles with the same fitting parameters.l ..

|33 The photometric IRAC and MIPS points for Yggdrasil, Thor and Loke after de-blending. Thor is not

detected in the IRAC 3 image, however the flux at the position is influenced by an image artetact from

a nearby star in the field. Extracting even an upper limit at this position is theretore not possible. Loke

is not detected in any of the IRAC images; we quote the 30 upper limits (IWylezalek et al.|, |2013|) |

|34 Positions and 235 GHz fluxes for all components of MRC0943-242. As no dust continuum is observed for

the position of Loke we infer a 30 upper limit of the 235 GHz of three times the rms. The uncertainty

| includes the 15% flux calibration error.l

[5.0  Infrared luminosities of each component, determined from our SED presented in Fig[3.8l] . .

|[0.0  The stellar mass, ionised-, neutral- and molecular gas mass for Yggdrasil and Thor| . .

|37 Overview of CO detections that are not directly associated with the radio galaxy. a: Separation between

the AGN and the CO detection. |

|4.1 The peak positions and 246 GHz continuum flux of the HzRG and companion #8 and #10. The contin-

uum fluxes are calculated by integrating under the fitted double 2D Gaussian profile. Companion #8 is

a tentative detection and therefore an upper limit. We take the 30 upper limit of the 246 GHz continuum

emission at the positions of the HoO emission to the west and east to be three times the RMS,l A

107

4.2 The H0, [CI]2-1 and CO(7-6) emission line positions, velocity integrated fluxes and FWHMs. Fluxes

and fitted FWHMSs are given for [CI|2-1 component 1, 2, total and the HoO components. The spectra

are extracted within a synthesised beam size which for the [CI|2—1 observations is 0772 x 0745 with

pa 87.4° and for the HoO observations is 094 x 056 with pa —84.1°. *The [CI|2-1 flux is composed of

0.6340.03 Jy km/s for the broad velocity gas, and 0.1640.03 Jy km /s for the narrow velocity gas. ®The

30 upper limit of the HoO emission taking to be 3x the RMS in 60 km/s wide channels and assuming a

width of the line to be that of the CO(7—6) line.|

114

|43 SMGs and QSOs from the literature with published [CI]2-1, CO(7-6) and HyOdetections along with

published IR luminosities used for comparison to the Spiderweb Galaxy. |

119

|44 The estimated dust masses, FIR luminosities and SFRs for the HzRG and companions using the measured

and listed in Table [4.1] and equation 1-5. The dust masses, FIR luminosities and SFRs are all upper

limits, as the HzRG and companion #10 have contribution from synchrotron emission and companion

#8 is a tentative detection.l ..

125



Abstract

The conditions under which stars are formed and the reasons for triggering and quenching
of starburst events in high-z galaxies, are still not well understood. Studying the interstel-
lar medium (ISM) and the morphology of high-z galaxies are therefore key points in order
to understand galaxy evolution. The cosmic star formation rate density peaks between
1 < z < 3. This period in the history of the Universe is therefore crucial to investigate in
order to know more about the star-formation triggering and quenching mechanisms. Phe-
nomena such as major mergers and galactic nuclear activity are believed to be mechanisms
dominating the star formation activity at this period of time. It is therefore necessary
to study galaxy populations which show signs of major merger events and active galactic
nuclei (AGN). This thesis presents three studies of the ISM conditions in high-z galaxies
and their morphologies by:

Exploring the physical conditions of the ISM in a sample of dusty star-forming galaxies
(DSFGs) using the relative observed line strength of ionised carbon ([CII]) and carbon
monoxide (CO). We find that the line ratios can best be described by a medium of [CII]
and CO emitting gas with a higher excitation temperature of [CII] than of CO, high CO
optical depth Tcon-0) > 1, and low to moderate [CII] optical depth ey S 1.

Combining millimetre /sub-millimetre and optical data cubes for the high-z radio galaxy
(HzRG) MRC0943-242, has revealed a much more complicated morphology than seen in
the individual data sets. The millimetre/sub-millimetre observations data have allowed us
to spatially separate the AGN and starburst dominated components, which are ~ 65kpc
apart. The optical data reveal structures of emitting and absorbing gas at multiple wave-
lengths.

A deep high resolution millimetre/sub-millimetre study of the HzRG MRC1138-262,
shows emission from water (H,O) and an unusually large amount of neutral atomic carbon
([CI]) relative to highly excited CO compared to lensed DSFGs. The detection of water
(H20) emission, which is not associated with the 235 GHz continuum emission, suggests
excitation by shocks. The uncommon line ratio between [CI]2-1 and CO(7-6) might be due
special conditions of the ISM in MRC1138-262 dominated by cosmic rays or differential
lensing in other DSFGs thereby not representing the intrinsic ratio.

These three studies of the physical conditions of the ISM and morphology of high-z
galaxies at z > 2, pave the road for future investigations of the star-forming ISM in high-z
galaxies, by illustrating the importance of multi-wavelength, fine structure- and molecular
line studies.
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Zusammenfassung

Die Bedingungen fiir Sternentstehung und die Griinde fiir das Auslosen und Déampfen
von Starburst-Ereignissen in hoch-rotverschobenen Galaxien sind bisher nicht gut ver-
standen. Untersuchungen des interstellaren Mediums (ISM) und der Morphologie hoch-
rotverschobener Galaxien sind daher Kernpunkte um die Entwicklung von Galaxien zu ver-
stehen. Das Maximum der kosmischen Sternentstehungsratendichte liegt zwischen 1 < z <
3. Diese Periode des Universums zu studieren ist daher von entscheidender Bedeutung um
mehr iiber die Auslésungs- und Dampfungsmechanismen der Sternentstehung zu erfahren.
Man glaubt, dass Phanomene wie Fusionen von Galaxien und galaktische Kernaktivitat die
Sternentstehungsaktivitat zu dieser Zeit dominieren. Daher ist es notig Galaxienpopulatio-
nen, die Zeichen von Fusionsereignissen oder Aktiver Galaktischer Kerne (AGNs) zeigen,
zu untersuchen. Diese Doktorarbeit stellt drei Studien des ISMs in hoch-rotverschobenen
Galaxien und deren Morphologien vor:

Zuerst wurden die physikalischen Bedingungen des ISMs in einer Reihe von staubi-
gen Sternentstehungsgalaxien (DSFGs) mit Hilfe der relativen beobachteten Linienstérke
von ionisiertem Kohlenstoff ([CII]) und Kohlenmonoxid (CO) untersucht. Wir fanden
heraus, dass die Linienverhéltnisse am besten durch ein [CII] und CO emittierendes Gas
beschrieben werden konnen, welches eine hohere Anregungstemperatur fiir [CII] als CO
sowie eine hohe CO optische Dichte 7co(1-9) > 1 und eine niedrige bis méBige [CII] optis-
che Dichte 7icry S 1 zeigt.

Die Kombination von Millimeter/Submillimeter- und optischen Datenkuben fiir die
hoch-rotverschobene Radiogalaxie (HzRG) MRC0943-242 brachte eine viel komplizierte
Morphologie zum Vorschein als in den einzelnen Datensétzen. Die Millimeter /Submillimeter-
Daten ermoglichten die rdumliche Trennung der AGN- und der Starburst-dominierten
Komponenten, welche ~ 65kpc voneinander entfernt sind. Die optischen Daten zeigen
Strukturen emittierenden und absorbierenden Gases bei mehreren Wellenlangen.

Eine tiefe, hochauflésende Millimeter/Submillimeter-Studie der HzRG MRC1138-262
offenbarte HoOEmission und eine ungewohnlich hohe Menge neutralen atomaren Kohlen-
stoffs ([CI]) relativ zu hoch-angeregtem CO im Vergleich zu Linsen-DSFGs. Die Entdeck-
ung der Wasser-Emission (H,O), die nicht mit der 235 GHz Kontinuumemission zusam-
menhéngt, deutet auf die Anregung durch Schocks hin. Das ungewohnliche Verhéltnis
zwischen [CI]2-1 and CO(7-6) ist moglicherweise auf den Differentiallinseneffekt in anderen
DSFGs zuriickzufiithren, welches somit nicht das intrinsische Verhéltnis reprasentiert, oder
auf besondere Bedingungen des ISM in MRC1138-262, welche durch kosmische Strahlung
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dominiert werden.

Diese drei Studien der physikalischen Bedingungen des ISM und der Morphologie der
hoch-rotverschobenen Galaxien (z > 2) ebnen den Weg fiir zukiinftige Untersuchungen des
sternbildenden ISMs in hoch-rotverschobenen Galaxien durch die Verdeutlichung der Be-
deutung von Feinstruktur- und Molekiillinien-Beobachtungen bei mehreren Wellenlangen.



Chapter 1

Introduction

1.1 Galaxy Evolution

Understanding galaxy evolution is one of Cosmology’s most pressing issues. Piecing to-
gether the puzzle to establish how the galaxies we observe in the local Universe came to
be, is a challenge. The most common type of galaxies in the local Universe are 'normal’
star-forming galaxies such as the Milky Way and more extreme galaxy populations such
as local (ultra) luminous infrared galaxies ((U)LIRGs) and active galactic nuclei (AGN)
dominated galaxies are much less common. Identifying the role of (U)LIRGs in galaxy
evolution, their high redshift counterparts and role of AGN are difficult tasks.

Local LIRGs and ULIRGs are defined by having infrared (IR) luminosities of 10 <
Lig < 102Lg and 10?2 < Lig < 108 Lg respectively, and studies of their structures
and morphologies in the optical, near-IR via their molecular gas and dust suggest that
these galaxies are major mergers of two roughly equally sized galaxies. The majority of
these (U)LIRGs have IR luminosities > 10'"° L, and star formation rates (SFR) above
50 Mg yr~!. The correlation between high IR luminosity, and high SFR in conjunction
with major mergers resulted in the widely accepted evolutionary picture first presented by
Sanders et al.| (1988). In this scenario, the (U)LIRG and AGN ’populations’ are phases in
the galaxy evolution sequence, which starts with the collision of two gas-rich disk galaxies.
This collision ignites intense star-formation as the gas rapidly compresses and cools. This
intense star-formation results in the production of large amounts of dust particles, which
absorb the optical and ultra-violet (UV) light emitted by young blue O and B stars and
re-radiate at IR/sub-millimetre wavelengths during the (U)LIRG phase. When the super-
massive black holes in the cores of the galaxies merge, the merging galaxies enter a phase
dominated by AGN activity. The AGN is fed by the surrounding disk of gas and dust,
which is fuelled by in-falling material from the outer parts of the merging system. The
(U)LIRG phase is believed to be short due to the intense formation of stars which depletes
the gas reservoir and possible winds from the AGN blowing the gas outwards. The system
might shine brightly after the ULIRG phase as an obscured (or un-obscured) AGN, but
eventually the system will lack gas to form new stars and ends up as an elliptical galaxy,
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Figure 1.1: The star formation rate density (SFRD) plotted against the redshift, known as the Lilly-Madau plot and
here reproduced from (2014)). The plot shows an increase in SFRD between 0 < z < 1 of about an order of

magnitude. The evolution peaks between 1 < z < 3 and flattens out at z > 3.

characterised by an old stellar population.

This evolutionary picture is very clean and simple and explains the formation of mas-
sive elliptical galaxies in the Universe. However, local (U)LIRGs are rare compared to
‘normal’ star-forming galaxies like the Milky Way. (U)LIRGs do therefore not contribute
significantly to the cosmic SFR density (SFRD) at z = 0. The SFRD represents the total
SFR occurring per unit time and volume at a given epoch. Determining the contribution
to the SFRD of the Universe from low and high-z (U)LIRGs has been an important focus
in understanding the role of dust obscured galaxies at high redshifts. The SFRD is often
split into redshift bins and plotted against the redshift, which gives more detailed informa-
tion on the evolution of the sample. This is known as the Lilly-Madau plot as it was first
discussed by [Lilly et al| (1995) and Madau et al| (1996) (see Fig.[l.1). The Lilly-Madau
plot presents the evolution of the SFRD from 2z = 0 to z ~ 5, and clearly shows that the
SFRD increases steeply by more than an order of magnitude between 0 < z < 1, and peaks
between 1 < 2z < 3. Early versions of the plot showed a decrease after the peak out to
z ~ 6, but as the high-z tail of the distribution is filled out, the SFRD for some samples
seems to form a plateau. To determine the SFRD of a survey requires a good understand-
ing of its depth and sky area coverage. The Lilly-Madau plot shown in Fig. includes
galaxy samples known to suffer from incompleteness and biases. However, it has proven
to be a useful tool to illustrate the contribution from the given samples. Though ULIRGs
play an insignificant role in the cosmic SFRD in the local Universe, they contribute with
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~ 10% at z ~ 1 and ~ 50% at z ~ 2. The questions are then: Were the high-z equivalent
of (U)LIRGs more common in the early Universe? Are these major mergers dominating
the cosmic SFRD at these times? Is another evolutionary sequence causing the presence
of local (U)LIRGs?

The two galaxy populations, dusty star-forming galaxies (DSFGs) and high-z radio
galaxies (HzRGs) are both galaxy populations (or phases in galaxy evolution) which can
reveal more about intense star formation in the early Universe and the influence of an
AGN on the star-forming medium. These two ‘galaxy populations’ will be the focus of this
thesis.

1.2 Dusty Star-Forming Galaxies

The discovery of the first DSFGT], SMMJ 02399—0136 with the Submillimeter Common-
User Bolometer Array (SCUBA) in 1997 (Smail et al., [1997; Ivison et al., [1998)) provided a
new window in the study of galaxy formation and evolution. SMMJ 02399—0136 gave the
first glimpse of an extreme galaxy population. DSFGs are found at high redshifts (z > 1),
have high stellar masses (M, ~ 10" M, e.g. Hainline et al|2011), are considerably more
gas-rich and turbulent than galaxies in the present day Universe (Mgas ~ 3 —5 x 10" M,
Tacconi et al.|e.g. 2010; Bothwell et al. e.g. 2013b) and have SFRs of ~ 103> Mg yr !, (e.g.
Swinbank et al., [2014). They have proven to be a major challenge for conventional galaxy-
formation models (e.g. [Hayward et al., 2013; Lacey et al., [2015) which have had mixed
success in modelling DSFGs (Narayanan et al., 2015). They are the perfect laboratories to
study the conditions under which stars are formed in the progenitors of massive galaxies
seen locally, in order to learn more about star formation in extreme environments.

1.2.1 Properties of DSFGs

DSFGs contain large amounts of dust, often obscuring the stellar light and star-formation,
which emit at UV and optical wavelengths. DSFGs are therefore very problematic to
identify at these wavelengths, making it difficult to determine the precise redshifts of
individual sources. The dust obscuration hence makes it more insightful to study DSFGs
in the far-IR (FIR), since the rest-frame UV photons are re-processed by being absorbed by
dust grains, which heat the grains, and re-emit thermal emission as FIR and sub-millimetre
continuum photons.

The K-correction (Blain & Longair, [1993) corrects for the bandpass shifting by redshifts.
If the flux density of an object decreases with increasing, redshift then the K-corrections
is called ‘positive’, and if the flux density of an object increases with redshift, then the
K-correction is said to be ‘negative’ E] Galaxies emitting at sub-millimetre wavelengths

'The term DSFG covers all sources selected at both millimetre and sub-millimetre wavelengths, and
will be the term used through-out this thesis

2The terminology of decreasing flux referred to as ’positive’ and vice versa, originates from the optical
magnitude scheme, where smaller numbers refer to brighter objects.
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have a negative K-correction, as the dust emission resembles a modified blackbody peaking
at rest-frame wavelengths ~ 100 pm, and the long-wavelength regime is the Rayleigh-Jeans
regime. The negative K-correction for high-z sub-millimetre sources is so significant that
these sources have roughly constant brightness at sub-millimetre wavelengths at z =1—8
(Blain et al., 2002). This means that across a wide redshift range, for which the Rayleigh-
Jeans approximation applies, the observed flux density is roughly constant and might even
increase slightly, making high-z DSFGs more easy to detect.

At the time of the first deep field SCUBA maps (Smail et al., [1997; Hughes et al., [1998;
Barger et al., [1998)), it was suspected that sub-millimetre sources would be predominantly
located at high redshifts, as these sources benefit from having a negative K-correction.

1.2.2 Discovering DSFGs

The discovery of DSFGs has been limited by the opacity of the Earth’s atmosphere or by
the size of instruments we are able to send to space. The search for high-z DSFGs was
focused on the 230 GHz (1.4mm) and 345 GHz (850 ym) atmospheric windows. However,
the search has been expanded to other frequencies with the improvement of instruments.
Since the early 1980s and until now about 20 single dish facilities with detectors sensitive to
12 pm-1.4 mm emission have been used in the search for DSFGs (Casey et al., [2014)). Some
of the most ground breaking surveys were done using the SCUBA (1997-2005, and taking
over by SCUBA-2 which is still running), Herschel (2009-2013), the Large Apex BOlometer
CAmera (LABOCA, 2006-present), and the South Pole Telescope (SPT, 2008-present).

SCUBA was commissioned on the James Clerk Maxwell Telescope (JCMT) in 1997 and
observed simultaneously at 450 um (670 GHz) and 850 pum (345 GHz). The high sensitivity
of SCUBA made it the front runner. The sensitivity of the 850 ym arrays could reach
down to 2mJy sensitivity with six hours integration time, therewith capable of detecting
10125 L, galaxies out to z ~ 5. This meant that in the first deep-field observations several
galaxies were detected within several arcmin. The detection of these sources confirmed
that there had to be a strong evolution of the cosmic SFRD out to high redshift.

With the launch of the Herschel Space Telescope in May 2009, two instruments (the
Spectral and Photometric Imaging Receiver (SPIRE), and the Photodetector Array Cam-
era & Spectrometer (PACS)) became available to the community. SPIRE consisted of both
a spectrometer and an imaging photometer which operated in three wavelength bands si-
multaneously: 250 um, 350 um and 500 um. SPIRE was (among others) successful in
discovering rare isolated FIR bright sources, some of which have been found to be lensed
sub-millimetre galaxies. PACS consisted of an integral field spectrometer and an imaging
photometer operating at 70 gm, 100 gm and 160 gm. Due to the wavelengths of PACS de-
tecting emission on the Wien side of the SED, it could not take advantage of the negative
K-correction, and was therefore not as efficient at mapping large areas of the sky. It was
therefore not used as much for high redshift studies as SPIRE.

LABOCA was developed by the Max-Planck-Institute fiir Radioastronomie and is a
multi-channel bolometer array for 870 um continuum mapping. It has been installed at
the Atacama Pathfinder EXperiment (APEX) telescope in Chile and was at full science
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operation in 2008. DSFGs discovered with LABOCA in the LESS survey were some of the
first sources to be follow-up in continuum observations with the Atacama Large Millime-
ter/submillimeter Array (ALMA) (Karim et al., 2013; Hodge et al., 2013)

The South Pole Telescope (SPT) commissioned in 2008 and located at the geographic
South Pole in Antarctica, is a 10 m diameter dish operating at millimetre wavelengths. It
is designed to detect anisotropies in the cosmic microwave background (Carlstrom et al.,
2011), and galaxy clusters via the Sunyaev-Zel'dovish effect (Staniszewski et al., 2009).
When the full 2500 deg? survey area was completed in 2011, about 100 bright DSFGs had
been detected in the survey (Vieira et al| [2010]). Follow-up studies of these DSFGs showed
that they were gravitationally lensed (Hezaveh et al., [2013)).

Surveys such as those with SCUBA, Herschel and SPT are compared based on luminos-
ity limits, as they are all performed at different wavelengths. However, the conversion from
flux to luminosity introduces an uncertainty, which depends on the often ill determined
shape of the SED of a given source. Additionally, the depth of the survey is dependent on
the redshift, meaning that selections at shorter wavelengths will be most sensitive to low
luminosity sources at low redshifts, while selections at longer wavelengths will be sensitive
to higher redshifts due to the negative K-corrections (Béthermin et al., [2015)). The char-
acteristic of the SED for individual DSFGs and the success in detecting counterparts at
different wavelengths, create biases in the DSFGs selection methods. These selection biases
have to be taken into account when comparing sources selected from different surveys.

Gravitational lensing

The surveys performed using Herschel (H-ATLAS; |[Eales et al.|2010| and HerMES; Oliver
et al[2012)) and SPT (Weif et al.,|2013} |Vieira et al.,[2013)) have resulted in large samples of
rare and bright DSFGs. Multi-wavelength follow-up observations are required to establish
if a source is gravitationally lensed or intrinsically very bright. In the case of gravitational
lensing, another galaxy lies on the line of sight to the DSFG. The foreground galaxy (or
galaxy cluster) acts as a lens, where the gravitational potential of the mass bends the path
of the light from the DSFG behind it, and therewith amplifies the brightness of the DSFG
(see Fig . The amplification is dependent on the relative position along the line of sight
of the foreground galaxy (or galaxy cluster) and the DSFG. If they are (close to) aligned,
then the image of the DSFG will be a ring around the foreground galaxy, this is known
as an Einstein ring. If there is a small mis-alignment between the two galaxies, then the
background galaxy will show up as arcs around the foreground galaxy (see Fig. [1.3)).
Multi-wavelength observations of 13 DSFGs from the Herschel selected sample revealed
that 93% of these sources are gravitationally lensed and only 7% are intrinsically bright
(Wardlow et al 2013). About 250 DSFGs with a flux density of Ssooqu, > 100 mJy have
been detected in the SPIRE imaging data covering 1200 deg®. However, it required large
amounts of observing time at multiple wavelengths to confirm if these sources were lensed.
High-resolution interferometric imaging, or a combination of a confirmed redshift of the
background DSFG and an optical image of the foreground galaxy, can determine if a lensing
event is taking place or not. The determined magnification factors of the Herschel selected
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Figure 1.2: A reproduction of an artist impression of how light from a background source is amplified by the gravitational
potential of the foreground galaxy or galaxy cluster (reproduced from ESO PR1313). The resulting image observed is shown

as the red clumpy ring around the lensing source.

DSFGs has a mean of 675 (Bussmann et al., 2013) implying that not only are these DSFGs
lensed, but they are also intrinsically bright and have intrinsic luminosities corresponding
to ULIRGs-like luminosities.

A complementary ALMA and HST imaging program showed that sources selected from
the SPT survey were all amplified by gravitational lensing (see Fig , Hezaveh et al.|
2013} Ma et al., [2015). Point sources in the 2500 deg? sky area with S} 4mm > 20 mJy was
followed up with ALMA (Cycle 0) in a blind CO redshift survey (Vieira et al., 2013} Weif
et al., [2013). This blind survey resulted in 44 detected atomic and molecular emission
lines from CO, carbon and H,0O, confirming the redshifts for 12 out of 23 DSFGs with
double line detections. Single lines were detected for 11 sources, of which almost all have
been confirmed later with molecular and atomic line observed with APEX. No lines were
detected in three sources (see Fig . About half of these spectroscopically confirmed
sources are at z > 4, which doubled the number of sources at these redshifts and at least
two sources are at z ~ 5.7. The magnification factors determined for the SPT selected
DSFGs showed a range of 5-22 and an average magnification of ~ 10 (Hezaveh et al., [2013)).
These values are based on only a handful of galaxies, meaning that this is small number
statistics, but is comparable to the lensing magnifications derived for the Herschel selected
DSFGs. Though the lensing magnifications are comparable the Herschel and SPT selected
sources still have selection effect biases. Herschel selected sources are at lower redshifts
due to the longer selection wavelengths compared to the SPT selected sources.
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Figure 1.3: Ten lensed dusty star-forming galaxies from the SPT survey (reproduced from [Vieira et al[[2013)). The
background shows the HST image in grey and overlaid in red contours is the ALMA dust continuum emission, showing the

lensed background source.

Gravitational lensing gives us the opportunity and possibility to detect and study DS-
FGs at high redshift. However, it does also introduce the disadvantageous of differential
lensing. Due to differential lensing the interstellar medium (ISM) components get magni-
fied differently depending on the density and position of the medium. A dense medium
close to the lensing caustic is more likely to have a higher magnification factor than the
diffuse extended gas. One therefore has to be aware of the possibility of differential lensing,

which makes it difficult to characterise the dense and diffuse gas components of the ISM
in lensed DSFGs.

Redshift determination and distribution

One of the challenging aspects of discovering DFSGs is to determine their redshifts. The
two main ways of determining the redshift are via photometry and spectroscopy. The
millimetric photometric redshift (i.e. photo-z or zppeto) is determined using the shape of
the spectral energy distribution (SED) at FIR or sub-millimetre wavelengths. This method
assumes a shape of the FIR SED of DSFGs (e.g. the one of Arp220) and thereby fits the
redshifts. The photometric redshift method is not very precise and the accuracy of the
determined redshift is dependent on the intrinsic variations of the SED of DSFGs. The
dust temperature manifests itself as the peak of the SED and it correlates with the IR
luminosity which both are degenerate with redshift (Casey et al., 2014). This means that
if the SED of a source which peaks at 400 um in the observed-frame, is fitted with an
assumed temperature of 30 K, the photometric redshift would be zphoto ~ 2.2. While if the
same source is fitted with an assumed temperature of 50 K, then the estimated photometric
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Figure 1.4: Spectra of the 26 SPT selected DSFGs observed with ALMA (Cycle 0) in a blind CO survey (reproduced
from |Vieira et al.||2013). Forty-four molecular and atomic emission lines were observed for 23 sources, while no lines were

observed for three sources.

redshift would be zyhoto ~ 4.6. Though this method is not very accurate, it can still be
used to give a rough estimate of the redshift of sources, which are impossible to probe via
other methods.

The most accurate method to establish the redshift of a source is spectroscopic redshift
determination, by detecting at least two emission lines. The optimal way to determine
redshifts of DSFGs is by using their millimetre emission lines as these are directly related
to their dust continuum emission. This redshift determination technique benefits from the
knowledge that the observed sources are already detected at millimetre wavelengths, and
are therefore expected to have luminous millimetre-emission lines. Despite the knowledge of
luminous millimetre-emission lines millimetre-spectroscopic redshifts determinations were
limited by the bandwidth of the receivers up through the 2000s. The bandwidths were
simply too narrow to serve as an efficient way to search for lines. The first instrument to
really open up for redshift determinations via millimetre emission lines was WIDEX at the
Plateau de Bure Interferometer (PdBI) with a bandwidth of 3.6GHz. Afterwards, more
facilities followed such as the EMIR receiver at the IRAM 30m (Weifl et al., 2009), Z-
spec and ZEUS at Caltech Submillimeter Observatory (CSO, |[Bradford et al.[2009; Nikola
et al[2003), and the Redshift Search Receiver at the Large Millimetre Telescopes (Zavala
et al., 2015)). Since its commissioning in the 2011, ALMA has been the preferred facility
to perform millimetre-spectroscopic redshift determinations via emission lines from for
example CO, [CI] and [CII]. A complication of the spectroscopic redshift determination
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Figure 1.5: The number of DSFGs as a function of redshift (reproduced from [Weif} et al.| (2013)). The red histogram
shows the distribution of the SPT selected DSFGs, the green histogram the distribution of the DSFGs from |[Chapman et al.
(2005) and the black histogram the distribution of the sources from [Smolcic et al.| (2012)). A comparison between the three
distributions shows that the SPT DSFGs and sources from |[Smolcic et al.| (2012)) peak at higher redshifts than the sample
from |(Chapman et al.| (2005)).

method is the so called redshift deserts. A redshift desert is a redshift range for which an
instrument would not be able to detect any strong emission or absorption lines, as the lines
are shifted out of the observed band. The span of the redshift desert is dependent on the
wavelength range of the instrument and therefore varies from instrument to instrument,
and can create a bias in samples using only one instrument for spectroscopic redshift
determinations.

The different redshift distributions of DSFGs samples show significant variations. The
different distributions reflect the selection techniques and biases within the samples. The
850 pum selected DSFG population is the to date best studied, and one of the most compre-
hensive studies of this population was by (Chapman et al. (2005), who presented a sample
of 73 850 um selected DSFGs with radio counterparts, which had been spectroscopically
observed with the Low-Resolution Imaging Spectrometer (LRIS) instrument at Keck Ob-
servatory (Oke et all [1995). This sample showed a median redshift of z = 2.2 (see green
histogram in Fig [L.5). A similar median redshift of z ~ 2.5 was found for a sample of
126 870 pm selected DSFGs by Wardlow et al.| (2011) who presented an optical/near-IR
study of LABOCA selected sources. The median of the redshift distribution of 28 1.1 mm
selected DSFGs detected with AzZTEC was determined by |Chapin et al.| (2009) to z = 2.7,
which they claim to be statistically different from z = 2.2 found by (Chapman et al.| (2005).
A study of 17 1.1 mm selected DSFGs by Smolcic et al.| (2012)) yield an even higher median
redshift of z = 3.1 (see black histogram in Fig. [L.5). [Smolcic et al| (2012) used another
strategy for determining the photometric redshift by considering multiple minima in the
x? photometric redshift fitting. The discrepancy could be due to cosmic variances, as the
sources are selected from the COSMOS field, which is known for having several very dis-
tant DSFGs at z > 4.5. The sample of 26 1.4 mm selected DSFGs from the SPT survey
presented by Weifl et al.| (2013)), has a median redshift for z = 3.5 (see red histogram in
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Fig. [I.5). This sample has spectroscopic redshifts determined by CO, [CI] and [CII] line
observations from ALMA, ATCA and APEX. All sources in this sample are lensed. The
SPT survey is too shallow to detect distant non-gravitationally lensed DSFGs, which in-
troduces a bias in the redshift distribution, as lower redshift sources (z < 2) are less likely
to be gravitationally lensed by a foreground galaxy. This effect is strong for z < 2 sources
and even stronger for z < 1, but has little effect on the higher redshift sources. Another
phenomenon that could have an influence on the redshift distribution of the SPT selected
sources is an evolution of the source sizes (Weif et al., [2013)). If the sizes of DSFGs evolve
with redshift, then it can effect the lensing of the source: the more compact - the higher
redshift and the more likely it is to be detected in the 1.4mm SPT survey as a lensed
DSFG.

Only future studies and redshift determinations of more sources will make the true
redshift distribution clearer. Using phenomenological models, Béthermin et al. (2015)
showed that the dominating effect driving the different redshift distributions is the selection
wavelength.

1.2.3 Stars in DSFGs

Determining the stellar masses for DSFGs has been proven to be highly uncertain. A good
example of this is Hainline et al. (2011) and Michalowski et al.| (2012) who determined
the stellar masses of the same sample of 850 um selected DSFGs and found an order of
magnitude different stellar masses.

One of the sources of uncertainty is the assumed star formation history (SFH), which
can be: exponentially declining, constant, single starburst or a multi-component SFH. A
multi-component SFH can lead to a higher inferred stellar mass than a single starburst
component (Dunlop, 2011). On the other hand, a single component SFH typically results
in an underestimation of the stellar mass.

The assumed stellar population synthesis model, i.e. the assumed evolution model of
the stars, along with the choice of initial mass function (IMF) can cause differences in
the calculated stellar masses. Even minor difference in the IMF (e.g. using the |Chabrier
(2003) or [Salpeter (1955) IMF) can result in a ~ 80% difference in the stellar masses.
Observations and theories are trying to pin down an IMF for high-z DSFGs, but this has
resulted in a wide range of potential options. The IMFs at high redshifts tend to have
more massive stars and less low mass stars compared to local IMFs.

Hainline et al. (2011)) found that 10% of a sample of ~ 70 DSFGs had substantial
contributions to the SED from AGN. Using the H-band luminosity (1.6 pm), which probes
the peak of stellar emission more directly than the K-band luminosity (2.2 gm) which can
be contaminated by AGN emission, they found a more accurate measure of the stellar mass.
They hereby estimate lower stellar masses than for other DSFG samples and measure a
median of (M,) ~ 7 x 10" M. The same sample was examined by Michalowski et al.
(2010), who found a median of (M,) ~ 3.5 x 10" M. Correcting for the IMF effects,
the result of [Hainline et al. (2011) comes within a factor ~ 3 of the result of Michatowski
et al. (2010). A follow-up study by Michalowski et al.| (2012), investigating the discrepancy
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between the estimated stellar masses, concluded that the discrepancy is dominated by the
choice of IMF, population synthesis model and SFH.

In order to constrain the stellar mass of DSFGs better, more accurate measurements of
e.g. the dynamical mass using CO or [CII] spatially resolved observations, disentanglement
of the AGN and stellar emission and in lensed objects the foreground galaxy and the DSFGs
(e.g. Ma et al., 2015)) are necessary. Accurately constraining the stellar masses in DSFGs
will be a crucial step forward in the understanding of their relation to other high-z galaxies
and how they lie on the galaxy-main sequence.

1.3 High-z Radio Galaxies

Among the rare galaxy species are the radio loud active galactic nuclei (AGN). The discov-
ery of quasi-stellar objects, QSOs or quasars, in the 1960s revealed galaxies at even higher
redshifts than normal galaxies, indeed for several decades the most distant galaxies were
radio loud objects. At this time, the discovery of the first QSO, demonstrated that the
space density of radio sources varies with cosmic epoch - a discovery in disagreement with
the Steady State Cosmology. Up until the end 1970s, the highest redshift radio galaxies
observed was at z ~ 1, whose discovery was made possible only thanks to a large invest-
ment of time at the Lick telescope (Spinrad}, [1976; Spinrad et al., [1977; Smith & Spinrad,
1980)). The radio sources discovered during these observations were not considered impor-
tant in the scheme of galaxy evolution, but were merely regarded as useful for pinpointing
distant galaxies. With the technical revolution in the 1980s and 1990s photographic plates
were replaced by CCDs in optical astronomy, allowing for the discovery of a large number
of radio galaxies out to z ~ 5. These radio sources are known as high-z radio galaxies
(HzRGs).

Along with the technical revolution came the discovery of the alignment of the host
galaxy observed in optical wavelength and the radio sources, indicating an interaction
between the host galaxy and the radio source. The additional discovery of the relation
between the masses of elliptical galaxies and the inferred masses of the central super massive
black holes led to the conclusion that all galaxies go through a stage dominated by nuclear
activity at some point in their history. The invention of new techniques to hunt high-
z galaxies such as the drop-out techniques (Illingworthl 1999) made radio galaxies less
important for cosmological use, but they are still crucial for exploring galaxy evolution
and the start of nuclear activity all galaxies are believed to go through (Merloni & Heinz,
2013).

1.3.1 Active galactic nuclei
The unification model

The paradigm that a super massive black hole in the centre of the galaxy accreting matter
is the driver of the radio source, was developed in the 1980s and was the seed for the
"Orientation unification’ model (see Fig. [L.6). The model describes the active nucleus as
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Figure 1.6: A sketch of the unification model, showing that the observed properties are highly dependent on the viewing
angle (reproduced from |Torres|2003).

an axial structure where the central black hole is accreting material from a surrounding
disk of gas and dust extending ~ 100 AU from the centre. The gravitational potential of
the material is transferred into radiation via viscous dissipation and results in a source
radiating across the full electromagnetic spectrum. The inner part of the accretion disk, a
few AUs, is believed to be responsible for the observed X-ray emission.

Just surrounding the X-ray emitting region, is the broad line region (BLR). The broad
emission lines emitted from this region of the accretion disk, play an important role in our
understanding of AGN. The lines portray the bulk motions in the BLR, which are almost
certainly controlled by the central source. Additionally, the BLR reprocesses ionising UV
continuum photons, which provide indirect information about this part of the continuum.
This means that brightness variations in the emitted BLR lines, reflect the changes in the
underlying continuum. The line emitted from the BLR is Doppler-broadened and even a
single spectrum can show emission lines of different widths. The broadening of the lines,
however, can become a disadvantage as the lines can blend together and make a complete
de-blending impossible.

At a distance of ~ 10* AU from the centre the emission from the accretion disk is
believed to be dominated by IR radiation. At these distances we also find the narrow
line region (NLR). This is low density gas, whose motions are dominated by gravity. The
NLR is the largest spatial scale region, where the ionising radiation from the central source
dominates. It is the only AGN component, which can be spatially resolved in the optical.
This gives important information about how the NLR is illuminated by the central source
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Radio properties Orientation
Face-on Edge-on

Radio quiet Seyfert 1 Seyfert 11
QSO

Radio loud BL Lac FR I
BLRG NLRG

Quasar/OVV  FR I

Table 1.1: Overview of the different AGN types, classified by their orientation and if they are radio quite or loud.

in a non-isotropic way, and can tell us how the central source is fuelled. The spatial extent
of the region means that the physical and kinematic distribution of the gas, to some extent,
can be mapped directly. The low density of the gas in the NLR allow forbidden transitions
to not be collisionally suppressed. The intensity ratios of certain pairs of forbidden lines,
allow us to measure the electron density and temperature of the NLR gas (Peterson, 1997).
In contrast to the broad lines from the BLR, the forbidden lines are isotropic since self-
absorption in the narrow lines is negligible, and they therefore do not reflect variations in
the underlying continuum.

Evidence of gas-jet interaction in the form of shock-heating and outflows has been found
at the NLR location in the disk. The unresolved AGN-environment is further surrounded
by an optically thick obscuring torus, limiting the radiation from the AGN to escape only
along the torus axis. In radio loud sources the radio axis are aligned with the torus axis,
but these do not show a preferred orientation with the rotation axis of the host galaxies
(Drouart et al., [2012).

The unification model assumes that the intrinsic diversity of AGN is less than what
is observed. The wide variety of observed AGN is a combination of actual variations in
the physical parameters, and apparent variations, depending on the viewing angle. The
dominant factor in the classification of an AGN in this scheme is the orientation of the
system. The classification therefore becomes a function (mostly) of the viewing angle. If
the AGN is observed face-on (i.e. the line of sight is parallel to the axis of the torus),
then the central accretion disk and the BLR are un-obscured and the broad lines can be
detected, this is known as a Seyfert I or QSO for the radio quiet galaxies, and a BL Lac or
OVYV for the radio loud galaxies. If the system is viewed more edge-on, then the central

part is not visible and the broad lines are not detected, this is know as a Seyfert II galaxies
for the radio quiet, and a FR I or FR II for the radio loud galaxies (see Fig. and

Table [L1)).

There are two main differences between Seyfert I and II:
1) broad emission lines are observed for Seyfert I but not for Seyfert IT and
2) the AGN continuum to the stellar continuum ratio of Seyfert IIs are about a
magnitude weaker than of Seyfert Is.
The most obvious candidate causing these differences is dust obscuration. However,
this hypothesis does have problems:
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i) The featureless continua observed for Seyfert IIs look like power laws, although a
reddened power law should no longer look like a power law (Peterson, (1997).

i1) The continua of Seyfert IIs are only about one magnitude weaker than for Seyfert
Is, which is surprising as the broad lines are completely extinguished.

To explain the still visible continua for Seyfert IIs, (Osterbrock (1978) introduced an
additional component, the ‘scattering medium’. This medium lies above the hole in the
torus and scatters the continuum emission, such that it is visible to the observer viewing
the system edge-on. The suggestion of an additional scattering medium, is supported
by the very weak and broad emission lines in the linear polarisation spectrum observed
for the nearby Seyfert II galaxy NCG1068 (e.g. |Antonucci & Miller| [1985). Scattering
or reflection of the AGN continuum emission by either dust or electrons can result in a
polarised spectrum. The continuum for NCG1068 is polarised by 16% and the polarised
spectrum is wavelength independent far into the UV (~ 1500A) (Code et al.l 1993)), which
suggests that electrons are the scattering particles. The narrow emission lines are only
polarised by 1%, indicating that they are observed directly and not after scattering (Vernet
et al., 2001)).

The simplicity of the unification model appeals to our belief that any description of
nature should be as simple as possible, if there is no evidence for the contrary, also known
as Occam’s razor. However, it is still unclear what the fundamental parameters of the
unification model are. Intrinsic luminosity and orientation provide good starting points for
describing the systems, but there might be other important factors such as the morphology
and gas to dust content, which influence the appearance of the system. Other model such
as an unification model by evolution has been suggested. Nevertheless, the unification
model has become a popular interpretation scheme of the different types of AGN.

1.3.2 Properties of HzRGs

The properties of radio galaxies differ between high and low redshift sources and change
with luminosity. HzRGs are often defined by being at z > 2 and having a radio luminosity
at rest frame frequency 500 MHz of Lsgoqn, > 102* W Hz~!. The spectrum of HzRGs consist
of two components; an extended steep-spectrum component and a compact flat-spectrum
component. The extended component is a double-lobed structure centred at the compact
component, and emission from the core arises in a beamed jet-like structure. The flux ratio
between the emission from the core and the lobe is used as a measure of orientation i.e. the
angle between the jet direction and the line of sight (e.g. |Orr & Browne, 1982). Sources
with a high core-to-lobe flux ratio (R), where the beamed component dominates by being
close to the line of sight, are known as core-dominated radio sources. Sources with a low
R are known as lobe-dominated sources, in these cases the beamed component is far from
the line of sight. The spectra of these two types of radio sources are very different, with
the core-dominated sources having a flat-spectrum and lobe-dominated sources having a
steep-spectrum. The extended structure of a HzRG is double-lobed, and the jet-structure
is more often only one sided and co-aligned with the axis of the extended radio lobes. The
relativistic beaming and therewith large Lorentz factor of the jet-structure explains why
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the approaching jet is often detected, while the receding jet is not. The spectra of such
sources are typically steep, non-thermal, collimated and extended over tens of kpc.

Radio-loud quasars have evoked three main concerns when comparing observations and
expectations;

i) If the two-component-model describing the radio-loudness is close to correct, and
the jet-axis is randomly oriented, then the observed galaxies would often have a jet oriented
close to the plane of the sky. In such a case the two sides of the jet should have about the
same surface brightness, which is not in agreement with observations.

i) If the sources are randomly oriented in the sky, then it is expected that steep-
spectrum sources should outnumber the flat-spectrum sources, which contradicts observa-
tions (Phinney 1985).

iii) If the extended and compact components share a common axis (which they most
certainly do, based on comparison with edge-on systems), then the extended emission in
sources where the line of sight and jet are close to each other can de-project to a linear
size on the sky of ~ 1 Mpc.

It has been argued by Barthel (1989) that these three concerns can be explained using
the unification model: quasars with an axis close to the plane of the sky are not detected
as radio-loud quasars but as radio galaxies. Barthel (1989) showed that this is consistent
with the distribution of quasars and radio galaxies. However, using the unification model
as an explanation, causes a problem with the observed [OIII] emission line luminosities
observed for quasars and radio galaxies, as the quasars are observed to have 4-10 times
higher [OII] line luminosities than the radio galaxies. If quasars and radio galaxies are
from the same parent galaxy population, and if the [OIII] luminosity is isotropic, such a
luminosity difference should not be observed. This means that if the unification model
is retained as an explanation, then the [OIII] emission must be anisotropic, preferentially
along the radio axis (Jackson & Browne, 1991)).

Spectral properties

The SED of HzRG (and AGN in general) cannot be described by blackbody emission of a
single temperature or a composite of a small range of temperatures. Non-thermal, primary
incoherent synchrotron radiation, is required to explain the shape of AGN spectra. The
SED of an AGN is broad and often approximated with a power law, which in some cases
is too crude an approximation. The slope of the power law (i.e. the spectral index) is
denoted « and can vary for different wavelength ranges. The spectral index is usually in
the range —1 > a > 0.

z — « correlation

The steepness of the spectra (i.e. spectral index) of radio galaxies show a correlation with
the redshift of the associated galaxies (Tielens et al., [1979; |Blumenthal & Miley, [1979). It
has been shown that radio sources with very steep spectra at low frequencies of v < 1 GHz,
are often associated with high redshifts. This correlation has proven very efficient in finding
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Figure 1.7: Tlustration of the change in the spectral index, depending on the observed wavelength. On the z-axis is
wavelength and on the y-axis is flux. For a fixed observed frequency, different redshifts yield different observed wavelength

and therewith different spectral indices.

HzRG, where most have been found by followup observation of the ten percentile of radio
sources with the steepest spectral index i.e. a < —1. The conventional explanation for
the z — a correlation is a coupling between the concave shape of the radio spectrum and
the radio K-correction. Observing high-z sources at a fized observed frequency will probe
emission at higher rest-frame frequencies where the spectrum is steeper. Consider the fixed
observed frequency 1. For redshift z;, vy is equivalent to A;, and for a redshift z, where
21 < z3, Vg is equivalent to Ag i.e. Ay < Ay, hence a; > ay (see Fig. [1.7)).

The concave shape of HzRG spectra is due to synchrotron and inverse Compton en-
ergy loss at high frequencies (Klamer et al., [2006) and synchrotron self-absorption at low
frequencies. Radio colour-colour plots show evidence of systematic concave curvatures of
H2RG spectra (Bornancini et al) 2007). However, this is not sufficient to explain the
observed z — « correlation, as many luminous HzRGs show no concave curvature of the
spectrum at the relevant frequencies. The HzRG 4C41.17 is an example of a source with
an extremely straight spectrum in the relevant frequency range of 40 MHz to 5 GHz (Cham-
bers et al., 1990). The spectrum of 4C41.17 starts to steepen at frequencies above 5 GHz,
but these are too high frequencies to contribute to the z — a correlation. 4C41.17 is not
the only HzRG with a non concave spectrum; Klamer et al.| (2006) showed that ~ 90% of
sources in their sample have straight spectra between 0.8 GHz and 18 GHz.

One explanation for the observed z — a correlation is an indirect manifestation of a
luminosity-spectral index (L — «) effect (Chambers et al., 1990; Blundell & Rawlings,
1999). Synchrotron theory predicts that a continuous injection of particles will result in a
spectrum with a low-frequency cut-off (v;), which is dependent on the luminosity (L) by
v; ~ L7%/7. This means that for a flux limited sample the Malmquist bias (Malmquist,



1.3 High-z Radio Galaxies 17

1924) will cause the high redshift sources to have a higher radio luminosity. This effect will
manifest itself in an observed z ~ « relation. However, studies of samples with a restricted
luminosity range show the same z ~ « correlation (Athreya & Kapahi, |1998), implying
that the L — « effect cannot be the full explanation of the z ~ « correlation.

Another explanation to the z — « correlation is that the ambient density of the radio
source increases with redshift, and that this increased density can cause a steepening of the
spectral index (Athreya & Kapahi, 1998 |Klamer et al., 2006). The steepening is due to
the denser environment causing the upstream fluid velocity of the relativistic particles to
decrease, leading an acceleration process to produce a steeper synchrotron spectrum. The
explanation would result in both a z ~ a and L ~ « correlation, and provide a natural
physical link between the HzRGs and the low-z cluster halos. This interpretation has, like
the other one, problems as the clumpy morphologies seen in UV and optical indicate non-
uniform densities around the HzRGs, where the densities are higher closer to the nucleus
than the outer regions. The observed spatial variations of the spectral indices within the
individual sources, are smaller than the source-to-source variations. The internal spectral
index variation then raises the question, how a non-uniform density medium on one side
of the radio source can know about the ultra steep spectral index on the other side of the
radio source. The ultra-steep spectra are therefore more likely produced by mechanisms
in the galactic nucleus, rather than the environment at the location of the radio lobes.

Both explanations have difficulties to fully re-produce the observed z — a correlation,
meaning that the cause of this effect is still unclear, and that more detailed information of
the radio spectra dependence on the redshift is necessary.

1.3.3 Survey selections

Finding and cataloging distant radio galaxies involves multiple steps, which can be sum-
marised in four main tasks:

1) The HzRGs are filtered from the large number of radio sources (Rottgering et al.|
1994; Blundell et al. [1998; De Breuck et al., [2000b} [2004) using criteria based on the 7)
radio colour (i.e. the steepness of the spectra) and i) the small angular size.

2) The nearby relatively bright sources are filtered out by comparing the radio
positions with wide-field shallow surveys at optical and near-IR (NIR) wavelengths.

3) The positions are refined to arc-second accuracy to be able to identify their faint
counterparts in the optical and NIR. These identifications were done using optical CCDs
up until the 1990s (e.g. Rottgering et al., [1995; McCarthy et al. [1996]), but as sensitive NIR
detectors became available the NIR K-band was found more efficient for the identification
of distant galaxies. More than 94% of bright radio galaxies are identified down to K = 22
(De Breuck et al., [2004)).

4) Spectroscopic follow-up observations with large optical and NIR telescopes of the
remaining HzRG candidates, to determine the redshifts using emission lines.

Especially the fourth step is expensive in telescope time, as the HzRG candidates are
located far apart in the sky, and therefore do not allow for multi-object spectroscopy. This
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means that the individual fields have to be observed in order to determine the redshifts of
the candidates. The spectroscopic determination of the redshift introduces a bias in the
source selection, as only the redshift governs if the emission lines are within the observed
wavelength range. There is additionally a redshift desert at 1.2 < z < 1.8 (e.g. |Cruz et al.,
2006), where the lines usually used for the redshift determination (e.g. Lya, Hell, Ha) are
either too red or too blue to be easily observed from ground based facilities. This means
that sources in the redshift desert are under-represented in the HzRG samples.

Another bias is the incompleteness of the redshift distribution. A small fraction (~ 4%)
of radio sources is not identified down to K ~ 22, and a third of the sample, does not show
any emission or absorption lines, even after long exposures on 8-10m class optical and
IR telescopes. These sources are either so dusty that the emission lines are hidden by
obscuration (e.g. De Breuck et al., 2001; [Reuland et al., 2003a), or located at such high
redshift that the bright emission lines are shifted out of the easily observed wavelength
ranges, or they are so peculiar that they emit no strong emission lines.

Redshift distribution

The redshift distribution of the sources with un-ambiguous redshift shows a number density
of typical sources with L ogr, > 1033 ergs™! Hz ! ster—! and in the redshift range 2 < z < 5
of a few times 1078 Mpc=2 (Dunlop & Peacock, 1990; [Willott et al., 2001; Venemans et al.,
2007)). This means that HzRGs are extremely rare. While HzRGs are sparsely distributed
at high redshift, they are almost non-existent at low redshifts. Similar to the shape of the
Lilly-Madau plot (see Fig. , the co-moving space density of luminous steep spectrum
radio sources increases by a factor of 100-1000 between 0 < z < 2.5 and then flattens out
at z > 2.5 (Willott et al., 2001} [Jarvis et al., 2001). Though there is a large uncertainty
on the determined high-z luminosity function, no significant cut-off in this density has yet
been seen. The point at which the space density flattens out, is a crucial time in the history
of the Universe, it is not only the time at which the SFRD increases by more than an order
of magnitude, but it is also the time at which the most luminous quasars appear to have
their maximum space density (Pei, 1995} [Fan et all 2001)), and the time at which galaxy
clusters start to form as not yet gravitational bound structures. Why the most luminous
radio sources then became extinct in the local Universe is still not understood.

1.3.4 Stars in HzRGs

Stars are a major part of HzRGs, and their presence is reflected in ¢) the shape of the SED,
as it has a plateau between 1 pum and 2 ym (Simpson & Eisenhardt, [1999; Seymour et al.|
2007), ii) rest-frame UV stellar absorption lines (Dey et al.,[1997)) and i) the morphologies
of several HzRGs follow the surface brightness profile of elliptical galaxies (e.g. van Breugel
et al., 1998 Pentericci et al., 2001; |Zirm et al., 2005)). The young stars (< 0.5 Gyr) dominate
the SED in the UV and the older stellar population (~ 1Gyr) dominates at wavelengths
< 4000 A. However, disentangling the stellar and non-stellar contribution to the SED is
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complicated, as the rest-frame UV wavelengths have contributions from scattered quasar
light and nebular continuum emission.

One of the remarkable and surprising characteristics of the stellar distribution in HzRGs
is the alignment between the radio and optical continuum emission (e.g. Chambers et al.
1987; McCarthy et al| [1987). HST images have revealed that HzRG hosts generally have
clumpy optical morphologies (Pentericci et al.,|1998,1999). By an examination of the close
relationship between the radio, rest-frame UV and optical morphologies, |Pentericci et al.
(1999, [2001) found that the alignment effect extends into the rest-frame optical and that
the sources at z > 2.5 have more clumpy morphologies than the lower redshift sources. The
same redshift dependence of the clumpy structures was seen by van Breugel et al.| (1998).
However, this dependence is difficult to interpret as the observed wavelength changes with
redshift.

The proposed models for this alignment are induced scattering of light from a hidden
quasar by dust (Tadhunter et al., [1998) or triggering of star formation by the radio jet as it
propagates outwards (De Young, [1989; Rees, 1989; |[Begelman & Cioffi, |1989; Bicknell et al.|
2000). Scattering of AGN light is evident in some HzRGs in the form of polarised light.
However scattering of light is not enough to explain the detailed optical morphologies and
the alignment of the continuum emission red-wards of the rest-frame 4000 A break.

An additional source for the alignment is jet induced star formation. The interaction
between the high-powered (~ 10%ergs™) jet and the dense gas has been observed to
induce star formation and shock excited emission lines in multiple objects such as 4C 41.17
(Bicknell et al.l 2000), 3C40 (van Breugel et al.. |1985 (Croft et al., [2006]), 3C 285 (van
Breugel & Dey, [1993) and Centaurus A (Graham, 1998) and to be more prevalent at
z > 2. This increased importance of the jet-induced star formation with redshift was
suggested by van Breugel et al. (1998) to be causing the clumpy structures of HzRGs at
z > 3.

Old stars

The old stellar population (> 1Gyr) peaks in the NIR, and the bright observed K-band
luminosities have long been used as an argument that HzRGs are very massive with masses
of up to 10> M, (Rocca-Volmerange et all, [2004). This makes HzRGs some of the most
massive galaxies in the early Universe and places them in the upper end of the stellar mass
function of the redshift range 0 < z < 4 (e.g. Rocca-Volmerange et al.; 2004). HzRGs form
a remarkably narrow correlation in the K-z diagram introduced by |Lilly & Longair| (1984])
out to z ~ 3. This correlation is even tighter than seen for NIR selected field galaxies (e.g.
De Breuck et al., 2002), and the small scatter has been found to correlate weakly with the
radio luminosity (e.g. Best et al., [1998). The radio power is dominated by the Eddington
limited luminosity from the nuclear supermassive black hole (Rawlings & Saunders, 1991]),
which is then a measure of the mass of the black hole. The well-established relation between
the mass of the black hole and the bulge mass (e.g. Magorrian et al., [1998)) then implies
that the radio power is correlated with the mass of the host galaxy, which appears to be
the case for low-z less-luminous radio galaxies (Best et al., |2005).
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However, caution has to be exercised when interpreting the details of the K-z dia-
gram in terms of galaxy masses. The disentanglement of i) the stellar component, ii) the
contribution to the K-band flux from warm dust, and 4ii) (at high redshift) also bright
emission lines is difficult. This means that the estimated masses derived from the uncor-
rected colours are often overestimated (Eales & Rawlings, [1996; Rocca-Volmerange et al.,
2004). Additionally, stellar population models, whereon the masses are based, are subject
to uncertainties. For example, incorporating thermal pulsations from asymptotic giant
branch stars reduces the derived masses significantly (Bruzual, [2007)).

The Spitzer Space Telescope made it possible for |Seymour et al.| (2007) to investigate 69
HzRGs in the redshift range 1 < z < 5.2, and decompose the rest-frame optical to IR SED
into stellar, AGN and dust components. They hereby determined the stellar contribution to
the rest-frame H-band, and by deriving the stellar luminosity at the rest-frame wavelength
peak of the stellar emission (near Ayt = 1.6 um), minimised the contamination from the
AGN and line emission, and eliminated the effect in the K-z diagram, originating from
observing sources of different redshifts with the same bands. The stellar masses derived
by [Seymour et al. (2007)) of 10** — 102 M, confirming what had previously been found by
Rocca-Volmerange et al.| (2004).

Young stars

HzRGs undergo vigorous star formation, which is visible both as emission lines and in
the SED. The young stars have rest-frame UV photospheric stellar absorption lines and
P-Cygni features driven by stellar winds. Detecting these absorption lines requires large
amounts of observing time on 10m class telescopes and has therefore only been detected
for a handful of galaxies e.g. the SVA1502 for 4C41.17 (Dey et al., [1997)), CIIIA1428
for TNJ2007-1316 (De Breuck & Reuland| 2005) and MRC1138-242 (Miley et al. 2006
Nesvadba et al., [2006; Hatch et al., |2007)).

The vigorous star formation is also visible in the SED at sub-millimetre wavelengths,
as the UV photons from the young stars heat the gas, which are re-emitted in the IR and
observed in the sub-millimetre regime. The amount of energy required to heat the dust
corresponds to SFRs of 2 1000 My, yr~!, similar to DSFGs (Archibald et al., 2001} Reuland
et al., 2003b)).
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1.4 Gas in high-z galaxies

The empirical description of the relation between SFR and gas density introduced by
Schmidt| (1959) and Kennicutt (1989) is known as the Star Formation Law, the Kennicutt-
Schmidt law or the KS-relation. This relation is expressed in terms of the observed surface
density terms:

ESFR = 6/2’8 (11)

gas’

where Ygpg is the SFR surface density, 2, is the gas surface density, €’ is the normalisation
and [ is the slope of the relation.

The normalisation, €', reflects the inverse of the depletion timescale and therewith how
easily stars are formed out of a parcel of gas. The gas depletion times is dependent on
feedback processes, and turbulence, which all drive the density distribution function. This
factor has been shown to be ~ 10 times higher for ULIRGs and DSFGs than for disk
galaxies, meaning that a ULIRG may form stars 10 times faster than a disk galaxy, which
has the same gas surface density. The slope of the KS-relation, /3, can give insight into the
underlying small scale physics and can be used to distinguish different theoretical models.

Kennicutt (1998b) studied 36 nearby IR-selected galaxies and by comparing their SFR
he determined an index of 5 = 1.4. Studies in the following decade (e.g. Wong & Blitz,
2002) showed that the SFR is correlated with the molecular hydrogen (Hy) gas and not
the atomic hydrogen (HI) gas. When the KS-relation is referenced in the literature, it is
therefore most often the molecular gas density that is referred to, discarding any contri-
bution from the atomic gas. This has been confirmed many times hereafter (e.g. Walter
et al., 2005} Leroy et al.l 2009; Helfer et al. 2003; Bigiel et al., 2008).

The slope of the KS-relation appears to steepen at the transition from normal galaxies
to starburst (see Fig. [1.§). This transition could be due to the conversion factor from
CO-to-Hy (see §[1.4.1), but may also reflect the change in physical conditions in the ISM,
which results in a decrease in the star formation efficiency.

Although there has been great progress in the understanding of the KS-relation, there
is still open questions. Precisely determining the observed slope and the dispersion in the
slope is an extremely difficult task, but crucial for constraining the theory of star formation.

1.4.1 Molecular gas

The relation between the SFR surface density and gas surface density expressed by the
KS-relation establishes the relation between the gas content and physical conditions of the
gas with the efficiency in forming stars from this gas. Stars are believed to be formed in
giant molecular clouds with n > 100 ecm ™ in which the main component is Hprather than
HI. H; is mainly produced on the surface of dust grains acting as a catalyst for converting
H into H, in areas with a minimum density of > 50 cm™3. The H, molecules are dissociated
by UV photons of energy 11.2eV or higher, which is why Hy must be shielded against the
interstellar radiation field (ISRF) by dust grains or self-shielding to exist. Hy in the outer
layers of the molecular clouds is destroyed via photo-dissociation, however, at a column
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Figure 1.8: The KS-relation for local and high-z galaxies (reproduced from 2014)). On the z- and y-axes,

the molecular gas surface density and the SFR surface density are plotted, respectively. For all three panels, circles and stars
represent quiescently star-forming galaxies and starburst galaxies, respectively. These two populations are further divided
into small orange circles and small blue stars representing local galaxies and large red circles and large blue stars representing
galaxies at high redshifts. The contours show resolved data from . Left: The KS-relation where the
conversion from CO-to-Hz has not been applied. Middle: The KS-relation assuming a bimodal CO-to-Hy conversion factor.
The grey curves indicate the best fit sequences to the quiescent galaxies and ULIRGs. Right: The KS-relation for a smoothly

varying CO-to-Ha conversion factor.
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density of ~ 10?° cm~2 Hj starts to become self-shielded. Self-shielding and dust extinction
prevents the dissociating radiation from penetrating deep into the cloud.

H, is a mono-atomic molecule. It therefore does not have a permanent electric dipole
momentum and the rotational transitions from Hs are unfortunately very difficult to detect
due to limited atmospheric transition (Stahler & Pallal 2005). Instead, carbon monoxide
(CO), the simplest most abundant molecule after Hy, is used as a tracer of molecular gas.
CO has a permanent electric dipole momentum and emits strongly at radio frequencies.
The CO molecules form only through gas-phase reactions by oxidation of the product of a
hydrogenate reaction:

Hy + C — CH" + H,
CH+0—-CO+H

CO has a strong binding energy of 11.1eV, preserving the molecules from being destroyed
by further reactions. CO is (like Hy) self-shielding against the surrounding ISRF leading to
CO building up in a similar manner as Hy in the outer regions of molecular clouds, though
CO remains dissociated to greater depths. The most abundant isotope of CO is 2C1¢0O
which is easily detected, but has a high optical depth. Other CO isotopes such as 13C160,
12¢180, 12CY70 and BCO are mostly optically thin and are therefore better at probing
the centres of molecular clouds. They are, however, not as easy to detect as 2C*0O, due
to lower abundances.

The relative population of the rotational levels (/) in the CO molecule, described by
the spectral line energy distribution (CO SLED), provide a window into the bulk physical
properties of the molecular gas in a given system. The relative population of the CO
molecules and therewith the shape of the SLED is dependent on the physical parameters
of the gas i.e. the temperature and density: the warmer and denser the gas is, the more
heavily are the upper levels populated compared to the lower. The higher rotational levels
have higher excitation energies, and it therefore becomes increasingly more difficult to
excite high-J lines, high enough to maintain local thermal equilibrium (LTE) with lower-
J lines. For a system in LTE, the level populations can be described by the Maxwell-
Boltzmann distribution and the intensity of the lines are given by the Planck function.
Systems in LTE are referred to as thermal or thermalised, and if the level population falls
below what is expected from LTE; it is called 'sub-thermal’ or ’sub-thermalised’. The fact
that higher energies are required to keep the high-J CO lines in LTE with low-J CO lines
is expressed as a higher critical density and excitation temperature (Stahler & Pallaj [2005)).
The lowest-J CO lines therefore trace the diffuse and extended molecular gas, while the
high-J CO lines trace the denser, more compact and star-forming molecular gas. This
implies that the lowest CO(1-0) transition in general is a better tracer of the total amount
of molecular gas in galaxies as it is less sensitive to the gas excitation conditions than
higher-J CO transition.



24 1. Introduction

CO-to-H, conversion factor

CO has been the primary tracer of Hy in the Milky Way since its first detection in the
Orion molecular cloud in the 1970s (Wilson et al., [1970)), and in extragalactic sources since
1975 (Rickard et al. 1975). One of the primary uncertainties of deriving the molecular
properties of galaxies at all redshifts is converting the observed CO flux densities to the
H, molecular gas mass. This conversion from CO-to-Hs is known as the X¢o (X-factor)
or aco. Formally, X0 is related to the velocity integrated CO intensity and is given in
units of Kkms™, and aco has the unit Mg pe™ (Kkms™)~!, and converts the CO line
luminosity to the total gas mass by:

MH2 = O./CQL/CO. (12)

The two conversion factors are linearly related. aco has been a subject of many Galac-
tic and extra galactic studies, and has been determined for the Milky Way and the Lo-
cal group (aside from the Small Magallenic Cloud) to be in the narrow range between
3 —6Mgpc?(Kkms )"l The aco factor has been shown to vary depending on the
metallicity of the molecular gas and the SFRD. In low metallicity dwarf galaxies, the con-
version factor appears to rise (e.g. Tacconi & Young, 1987), while a high SFRD appears
to decrease the conversion factor (e.g. Strong et al., 2004; Sandstrom et al., 2013). The
latter effect of the conversion factor is the most important when dealing with high-z star-
forming galaxies, as applying a Milky Way conversion factor on a high-z starburst galaxy,
will result in a molecular gas mass higher than the estimated dynamical mass (Solomon
& Sage, 1988). A bimodal CO-to-Hy conversion factor has been custom in extragalactic
literature, despite an observed dispersion in local ULIRGs. A value of aco ~ 4 is typically
assumed for 'normal’ star-forming (Milky Way type) galaxies, while a value of 0.8 is typi-
cally assumed for starburst galaxies and mergers. Though the bimodal conversion factor is
custom, it has been shown by many studies of both high and low-z galaxies that no clear
bimodal or single value is applicable to all galaxies of a given luminosity or merger status
(e.g. Tacconi et al.| [2008]).

Applying bimodal conversion factors to low and high-z galaxies results in a bimodal
KS-relation reflecting two modes of star formation in galaxies: a quiescent and starburst
mode (e.g Daddi et al., [2010; Genzel et al| 2010)). Some argue that the bimodality is real
and that galaxies go through short periods of extreme star formation efficiency (Teyssier
et al., 2010]), while other propose that the bimodal KS-relation is an artefact introduced
by the bimodal X-factor, and that the KS-relation can be reduced to a single relation by
using an either constant or smoothly varying X-factor (Ostriker & Shettyl 2011} Narayanan
et al., 2012).

This boils down to assuming that either all starburst galaxies have the same physical
conditions (the same is the case for 'normal’ star-forming galaxies) or that the physical
conditions vary from galaxy to galaxy. This has a significant influence on the analysis of a
given system, but is difficult to correct for.
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Dense molecular gas tracers

A consensus from dense gas observations is that high-z galaxies have a higher dense gas
fraction than low-z galaxies. This is evident in the CO SLEDs which peak at higher-J CO
transitions than for low-z systems. Dense molecular gas can be traced by the high-J CO
lines, but is better traced by molecules with a higher critical density such as CS, HCO™,
HCN or H5O.

Studies of high density gas using HCN have shown that there is a correlation between
the FIR luminosity of the galaxy and the HCN luminosity (e.g. Solomon et al.| [1992;
Gao & Solomon, 2004alb; |Gao et al., [2007). While there is a correlation between the two
luminosities, the high-z studies of DSFGs and AGN show an offset correlation compared
to the low-z correlation. It is unclear what causes this offset, it could be due to a higher
gas density probability distribution function (Krumholz & Thompson| 2007; Narayanan
et al [2008) or a contribution to the IR luminosity from an AGN. However, evidence of
a non-linear FIR-HCN trend has also been observed by (Greve et al. (2006) and Riechers
et al.| (2007) for high-z systems.

Another dense gas tracer that has become more popular is rotational transitions in HyO.
H,0 has a critical density of ~ 10® cm™ and therefore traces the extremely dense parts
of the star-forming clouds. Most dense gas studies have been conducted at low redshifts
(e.g. Yang et al.; 2013), but lately the observations have been pushed to high redshifts (e.g.
Omont et al., 2013). Seven rotational HyO lines were detected for HFLS3 at z = 6.34 by
Riechers et al.| (2013)). A clear result of the HyO studies is a correlation between the IR
and the H,O luminosities in the IR luminosity range Lig ~ 102 — 10 L. Future studies
of HCN and H,O in high-z systems in comparison with low-z systems will prove crucial
for understanding the physical conditions that govern star formation (e.g. Krumholz &
McKee| 2005; /Andrews & Thompson, 2011} Hopkins et al., [2013)).

Molecular gas in DSFGs

The morphology and dynamics reflected by molecular and atomic lines can provide infor-
mation about the physical origin of the galaxy, i.e. if it is dynamically hot (as in the case
of a merger) or dynamically cold. CO observations can reveal the spatial extent of the
H; gas and therewith where a given galaxy lies on the KS-relation. Multiple CO obser-
vations can additionally provide a map of the thermal and density distribution across a
galaxy. However, as different CO transitions trace different density components, they trace
molecular gas of different spatial extent. Therefore care must be taken when interpreting
dynamics determined from high-J CO lines, as they trace the denser, more compact gas
in the ISM. Only few high-z DSFGs have been detected in the CO ground transition (e.g.
Ivison et al., 2011} Riechers et al.| [2011c). These observations show molecular gas reser-
voirs of ~ 3 —16 kpc size, which is significantly different from the sizes of ~ 1 —3kpc found
using high-J CO lines for the sample of sources (Tacconi et al., 2008} [Engel et al., 2010
The widths of the molecular lines reflect the mass enclosed in the emitting region and the
spatial extent of the gas, but it is not a direct measure of the size of the source.
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CO mapping can also reveal the dynamics of the gas. Studying the dynamics of DSFGs
is driven by the motivation for understanding what governs the high luminosity and SFR of
these high-z galaxies: Is it mergers or secular processes within disk galaxies? The results of
these studies differ: Some find evidence for rotating molecular disks in DFSGs and QSOs
(e.g. [Tacconi et al.l [2008; Bothwell et al., 2010; |Carilli et al., 2010; Hodge et al., 2012;
Deane et al., |2013)), or disrupted systems (e.g. Tacconi et all 2008; [Engel et al., 2010;
Bothwell et al., 2013b; Riechers et al., 2011a, |2013)), while others find evidence of ongoing
mergers (e.g. |[Engel et al.; 2010; |Yan et al., 2010; [Riechers et al |2011bj Ivison et al., 2013}
Fu et al.| 2013). However, multiple counter-arguments have been found for each case, and
numerical simulations (Springel & Hernquist|, 2005; Hopkins et al., [2009) have shown that
gas rich mergers can quickly re-form gaseous disks soon after a merger scenario, due to the
dissipational nature of gas.

Molecular gas in HzRGs

In a few HzRGs, the CO emission appears to be spatially resolved (Papadopoulos et al.
2000; (Greve et al., 2004; De Breuck et al., 2005), and extends over 10-20 kpc, providing
information about the kinematics of the gas. Studies have shown alignments between the
molecular gas and the radio morphology (Klamer et al., 2004), however recent studies claim
that this is not always the case (e.g. Emonts et al., 2014, 2015b; |Gullberg et al., 2015).
The biases involved with the current CO observations which are induced by:

i) selection based on the 850um dust emission: Sources detected in CO are not
always detected in 850 ym emission (e.g. 53W002 and TNJ0924-2201, [Scoville et al.|[1997;
Alloin et al.[2000), suggesting a systematic underestimation of the gas-to-dust ratio in
high-z CO samples, due to a bias in favour of the dusty galaxies.

ii) detections are more likely to be published than non-detections: The non-detections
are often reported with large redshift uncertainties. These uncertain redshifts are often
due to the presence of an offset between the CO and optical redshift, the unknown width
of the CO line, and the limited bandwidth of the spectrographs.

iii) The high redshift sources need to be detected in high-J CO lines: the observational
constraint set by the atmospheric transmission limits the CO transitions observable to the
high-J CO lines. This means that only observing high-J CO lines, which mainly probe the
dense molecular gas, results in the spatial extent of the diffuse molecular gas to be unclear.
For sources at high enough redshift (i.e. z > 3.6) the low-J CO lines can be observed with
the Very Large Array (VLA) and Australian Telescope Compact Array (ATCA). However,
this can still result in an incomplete CO SLED, which can complicate constraining the
density and temperature of the molecular gas.

1.4.2 Atomic gas

The dominant cooling lines of the diffuse ISM are emission lines from neutral and ionised
carbon, nitrogen and oxygen. These emission lines can provide information about both the
cold neutral medium, HII regions and photodissociation regions (PDRs) in galaxies.
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The [CI]] fine structure emission line at 158 um is the most dominant when it comes
to studies of the atomic gas in galaxies, due to it being relatively bright compared to the
other fine structure lines and CO emission lines, and can contribute up to 1% of the IR
luminosity of a galaxy (Nikola et al..|1998). It can be excited by both collisions with atomic
or molecular hydrogen in which case [CII] will have a critical density of ~ 1 —8 x 103 cm™
or with free electrons and protons at high enough electron densities, in which case the
critical density of [CII] will be ~ 5 —50cm™ (Goldsmith et al., [2012). Because of the
relatively low ionisation potential of 11.3eV (which is lower than the 13.6 eV characteristic
for HI), [CII] emission can arise from both neutral and ionised regions. This means that
the origin of the [CII] emission line can be diverse and the power of the [CII] line as a
diagnostic probe for the physical conditions of the ISM is therefore still debated.

Combining detections of [CII] with detections of [NII| can serve as a diagnostic for
the amount of the [CII] arising from the ionised medium. The [NII] fine structure line at
205 pm with an ionisation potential of 14.5eV has a critical density and second ionisation
potential similar to [CII] (Decarli et al., [2014)).

Emission lines from neutral carbon ([CI]) have gained traction during the past decade.
The three level system of [CI] emits the two fine structure lines [CI]1-0 and [CI]2-1, which
are both optically thin and are relatively good tracers of diffuse, low extinction molecular
gas. Observations of both [CI] lines allow to constrain the excitation temperature and
column density of carbon. The critical densities of the [CI]1-0 and [CI]2-1 lines are ~
500 cm ™3 and ~ 103 cm?, similar to that of CO(1-0) and CO(2-1), which are usually used
as tracers of the diffuse molecular gas reservoir. The lower optical depth of [CI] compared
to CO means that [CI] is a better tracer of the diffuse/low density molecular gas as it
can trace large column-densities. Though the Hy tracing capability of [CI| decreases for
low metallicities, it is still a better probe of Hy gas than 2CO (Papadopoulos et al., 2004
Glover et al} [2015)). The ground-state transition, [CI]1-0, is the better tracer of the Hy gas
mass of the two [CI] lines, because it is less sensitive to the excitation conditions of the
gas.

Atomic gas in DSFGs

Tracing morphologies and dynamics using CO in high-z DSFGs can introduce uncertainties,
as low metallicity sources can suffer from decreased CO abundances and low SFR surface
densities will often have lower CO excitations. This has been the motivation for using
[CII] as an alternative gas dynamics tracer in high-z galaxies. Using ALMA, [Walter et al.
(2012) and De Breuck et al.| (2014) have shown the power of this facility to examine the
dynamics of the [CII]-emitting gas in high-z galaxies, and even showed that some galaxies
potentially show signs of rotating disks.

As the [CII] is brighter than the other fine structure and molecular lines, it can be
easier detected in high-z galaxies, and does not suffer from heavy extinction as many of
the other traditional shorter-wavelength SFR tracers.

There are two of the reasons why [CII] is sometimes used as a SFR tracer, though the
reliability of [CII] as a SFR tracer is under debate. If a reasonable calibration between
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the [CII] and SFR is found, it can be a powerful tool for studying star-formation in high-z
galaxies. A number of studies (Leech et al., [1999; De Looze et al., 2011; Sargsyan et al.,
2012 [Farrah et al., [2013) find a positive correlation between the [CII] emission and SFRs
from UV and sub-millimetre observations of galaxies. However, the [CII] ‘deficit’ seen for
high IR luminosity galaxies (see §[2.4.2)) suggests that [CII] might not be a good SFR tracer
for IR luminous sources. The scatter seen in the correlation may arise from the fact that
[CII] traces multiple phases of the ISM, i.e. also the non-star-forming gas. Additionally, a
number of [CII]-non-detections have questioned the reliability of [CII] emission as a SFR
tracer in high-z galaxies. These [CII]-non-detections, of among others the luminous galaxy
Himiko at z ~ 6.5, known to have a SFR of ~ 100 Mg yr=! (Ouchi et al., 2013), suggest
that [CII] emission might not be everywhere in the early Universe. The origin, dynamical
and SFR tracing capability and reliability of [CII] require more investigation.

Atomic gas in HzRGs

The molecular gas phase is often detected for both DSFGs and HzRGs, unlike the hot and
warm ionised phase which is rarely observed for DSFGs. These observations, however, can
open a window to the understanding of the processes taking place in HzRGs.

Warm ionised gas

The warm (~ 10*°K) ionised gas emits both permitted recombination lines and forbid-
den collisional excited lines. These lines make it possible to determine the redshift of the
emitting radio galaxy, which was an important reason for HzRGs being crucial cosmolog-
ical probes. At the same time, these lines are powerful tools for studying the physical
conditions of the gas in HzRGs.

Recombination lines are emitted when a free electron is captured by an atom, and the
electron cascades down to the ground state of the atom. A series of recombination lines
are emitted as it cascades down. The most prominent of the recombination lines observed
in HzRG spectra, are from hydrogen and helium - the two most abundant elements in the
Universe. The brightest hydrogen lines are from the Lyman and Balmer series. The lines
of the Lyman series occurs when the electron cascades down to the ground state, while the
Balmer series occur when the electron cascades down to the state just above the ground
state.

The forbidden (and half-forbidden) lines have a tiny probability of occurring compared
to the permitted transitions. They occur because the energy levels lie within a few kT
of the ground state levels, and are therefore easily populated by collisions. Most of the
elements have a critical density below the density of the gas, and most of the de-excitations
are therefore via radiation, which is then observed as a spectral line. The forbidden lines
only occur if the gas density is in the range ~ 10 — 10° cm 3, and the line ratios contain
important information about the physical conditions of the gas, i.e. the density, temper-
ature, ionisation state, and abundance of the emitting gas (Osterbrock & Ferland, 2006
Peterson, 1997)). These lines are some of the strongest in emission nebular spectra.

Studies of HzRGs in the early 1990s using composite emission lines showed that for
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HzRG, the emission lines originating from the nucleus, were accompanied by emission
lines from an additional spatially extended component. HzRGs being accompanied by
giant luminous ionised gas nebulas are amongst the most remarkable features of HzRGs
(Reuland et al., [2003b)). These gas nebulas, or halos, can have sizes up to ~ 200 kpc, and
studying them provides a wealth of information about the physical conditions, kinematics
and origin of the gas surrounding the HzRGs.

The halos of ionised gas often have Lya luminosities of ~ 10%3 ergs~!. Emission line
diagnostics by [Osterbrock & Ferland| (2006) showed gas temperatures of T, ~ 10* — 105K,
densities of n, ~ 10°® — 10 cm ™3 and masses of 10° — 10! M. The filling factor of the
warm ionised gas has been estimated to ~ 107°, which is low compared to the filling factor
of the hot ionised gas (see below) which has a filling factor of about unity. Based on the
properties of the emission lines and the filling factor, van Ojik et al. (1997) modelled the
halo as being composed of ~ 10'? clouds with sizes of about 40 light days (comparable to
the solar system), and they speculated that these clouds might be associated with early
stages of the formation of individual stars.

The morphology of Lya halos is clumpy, irregular and with overall structures aligned
with the radio axes and sometimes extend beyond the sizes of the radio sources. The halos
appear to have two regimes which often blend together: the inner region close to the radio
jet and the outer region. The inner region shows signs, in the form of emission line widths,
of a clumpy medium with velocities widths of > 1000 km/s which is being perturbed by
the jet. Lines from the outer region, however, have line widths suggesting a more quiescent
medium, with velocities widths of a few 100km/s (e.g. |Villar-Martin et al., 2003).

Using the relative intensity of the emission lines, it is possible (in principle) to disen-
tangle the effects of ionisation, abundances, densities and temperatures:

e [onisation: There can be multiple mechanisms for exciting the gas:

i) photoionisation from an AGN,

i) photoionisation from stars,

ii1) photoionisation by ionising X-ray photons emitted by shocked hot gas, and
collisional ionisation from shocks.

Optical line ratios have been used for nearby active galaxies to study the ionisation
of the gas, which have revealed evidence of both jet- and accretion powered shocks and
photoionisation from central AGN (e.g. Villar-Martin & Binette, 1997 |Villar-Martin et al.)
1997; Bicknell et al.; 2000; |Groves et al. [2004a,b). These optical line ratio studies have
also been developed for rest-frame UV lines (Allen et al., [1998; Groves et al., [2004b)), but
the interpretation of the emission line ratios is complicated, due to the effects from dust
and viewing angle (Villar-Martin & Binette, 1996). A comprehensive study by Humphrey
et al.| (2006 used 35 emission lines throughout the rest-frame UV and optical and con-
cluded that photoionisation is the dominant source for exciting the quiescent gas, and that
harder photoionisation than from stars is required, consistent with photoionisation from
an AGN. The reason that the AGN is not seen directly is believed to be due to the quasar
emitting radiation anisotropically, which is heavily absorbed in the direction along the line
of sight, but not in the direction of the radio axis. However, anisotropic radiation makes it
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difficult to explain the symmetric shape of the Ly« line. An alternative explanation could
therefore be that the radiation is isotropic but variable, with periods of short sharp intense
activity and longer periods of relative passivity. Though photoionisation by an AGN is
the most likely explanation, it is unlikely the only source of photoionisation. Evidence of
collisional excitation, from shocks close to the radio jet, is seen in the form of variations in
the observed emission line strengths from object to object and within individual objects
(Best et al., |2000)).

e Abundance and star formation: The chemical abundance of halo gas, as revealed by
metal lines such as CIV, [OII] and [OIlI], is similar to the solar abundance (Vernet &
Cimatti, 2001; [Humphrey et al. 2006). This is consistent with HzRGs having undergone
prodigious star formation in early epochs. This is supported by the observed Lya/Hell
ratios, which are systematically larger for HzRGs at z > 3 than for those at 2 < z < 3.

The relative intensity of the NV emission line varies from being an order of magnitude
fainter than the carbon and helium lines, to being as bright as the Ly« emission line (De
Breuck et al., 2000a), which has been interpreted as large variations in the metallicity from
HzRG to HzRG.

e Kinematics: The kinematics of the turbulent inner regions are dominated by outflow
and slow shocked gas associated with the radio lobes. The inner regions display disturbed
kinematics and velocity dispersions of > 1000 km/s, and evidence for the presence of star-
burst superwinds in Lya halos (Armus et al., [1990; |Zirm et al.| [2005)). Along with the
synchrotron jet, these starburst winds provide sufficient pressure to drive the warm gas
outwards. The interaction between the radio jet and the ambient gas, has been observed
to be the source of excitation and disturbances of the gas. The gas can also influence
the jet, by bending, de-collimating it, and enhancing the intensity of their radio emission
through shock driven particle acceleration. Small sources show more evidence of jet-gas
interactions than large ones (Best et al., 2000) and at z > 2 the signatures of jet-gas in-
teractions are even more vigorous (Villar-Martin et al., 1998; |Villar-Martin et al., |[1999a/b,
2003; Humphrey et al.,|2006). The kinematics are more turbulent and the ionisation states
are higher in the inner regions than in the outer more quiescent regions (Humphrey et al.
2000)).

The kinematics of the outer regions show signs of systematic inward motions. The
outer regions are apparently unperturbed by the jet, and the kinematics provide important
information about the origin of the warm gas. These regions show systematic variations
in the velocity of a few hundred km/s, which can be caused by either rotation (van Ojik
et al., [1996; |Villar-Martin et al., 2003, [2006)) outflows (Zirm et al., [2005; Nesvadba et al.,
2006)) or infalling motions. Distinguishing between these effects only using velocity data is
difficult, but combining it with spectroscopic and radio data gives additional information.
A study of 11 HzRGs at 2.3 < z < 3.6 by |Villar-Martin et al.| (2007) and [Humphrey et al.
(2007) revealed correlations between the kinematics of the halo and the radio structure,
which showed the same asymmetry. At the bright side of the radio jet, the quiescent
nebular seems systematically redshifted, compared to the fainter side of the radio jet. By
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assuming that the bright jet side is moving towards the observer, and is thereby brightened
by Doppler boosting (Rees, 1967, Kellermann) 2003), the quiescent gas must be moving
inwards in order to be redshifted. Ro-vibrational lines from Hy at ~ 2000 K can be used
as a diagnostic tool to investigate if this infalling gas is a cooling flows (Jaffe & Bremer,
1997} Jaffe et al., 2005)), as these lines for high-z sources shift into the IR band observable
by Spitzer.

The Ly« line is often used for kinematic studies due to its relatively large width and
brightness. However, the Ly« line is a resonant line, and is therefore subject to strong
scattering and optical depth effects. This means that the kinematics reflected by the Lya
line might not be representative for the gas as a whole, especially for the inner regions.

Though these are powerful diagnostic tools for studying the physical conditions of the
gas, they are complicated and require detailed modelling.

Hot ionised gas

X-ray observations of HzRGs show widespread hot ionised gas at the centre of clusters and
around radio galaxies at low redshifts. This gas has a derived temperature of ~ 1075 K
and density of ~ 0.05cm ™2, making the gas sufficient to confirm the presence of the radio
emitting plasma and Lya halo. The current X-ray telescopes have the sensitivity to only
just detect similar halos out to z ~ 2, e.g. MRC1138-262 (aka the Spiderweb Galaxy) at
z = 2.2 |Carilli et al.| (2002a). The X-ray emitting gas is extended along the axis of the
radio source.

The hot ionised gas can also be studied through its effect on the polarisation of the
background radio emission. As the linearly polarised radio emission propagates through a
magnetoionic medium it is rotated by an angle that is proportional to the square of the
wavelength. The ’amount’ of rotation is known as the rotation measure, and the inter-
pretation of the large observed rotation measure for HzRGs is that they are embedded
in dense gas. At low redshift, large rotational measures are observed for radio sources
in X-ray emitting clusters which are inferred as 'cooling flows’ (Ge & Owen, |1994). This
suggests that the high-z radio sources are likewise located in cluster environments.

Neutral gas

The cool neutral HI gas can only a be observed in absorption, either as redshifted 21 cm
aborption in the radio continuum, or as deep absorption troughs in the Ly« line profiles.
Both techniques can be used to constrain the physical properties of the neutral gas of
HzRGs, such as the spatial extent, masses, filling factors, temperatures and spin temper-
atures.

Neutral hydrogen HI is very abundant in the ISM, and is detected via 21 cm emission,
emitted via a hyperfine spin flip transition of the electron in the atom. This absorption line
can provide a measure of the average column density of the absorbing medium. Though
21 cm absorption is a powerful tool, detections of this phenomenon are not very common,
one source (B20902+34) has been detected in 21 cm absorption (Uson et al. [1991)), and
only tentative detections have been seen since (e.g. |De Breuck & Reuland) 2005). The
21 cm absorption is caused by small (~ 100kpc) disks or torus-like structures which are
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perpendicular to the radio source (Rottgering et al, [1999). The absorption line is therefore
rarely seen for HzRGs, as most of them are associated with extended radio sources, the
disk covering fraction is therefore small and produces insignificant absorption.

Much more commonly observed are strong absorption lines superimposed on the Ly«
and CIV line profiles (e.g. MRC0934-262 and TXS02004-015, Rottgering et al.|[1995} |Jarvis
et al./[2003)). This was discovered by van Ojik et al.|(1997) who detected absorption features
in the majority of 18 HzRG spectra. These absorption lines (or troughs) are interpreted as
being caused by HI gas surrounding the HzRGs with column densities of 10'® — 1015 cm 2.
They can also be used as a diagnostic tool to studying the extent, dynamics and morphology
of the gas, which cannot be studied using quasar emission lines. In most cases, the Ly«
line profiles show absorption over the entire spatial extent, indicating a covering factor of
close to unity. The column densities and spatial scales of the absorbing gas indicate masses
of the HI gas of typically ~ 108 M.

1.4.3 Dust in HzRGs and DSFGs

Dust in HzRGs and DSFGs play a significant part in the study of the molecular star-
forming clouds. The dust indicates that substantial star formation has already taken
place, and that the material is chemically enriched. The thermal re-production of UV
photons to thermal IR emission often dominates the SED at millimetre and sub-millimetre
wavelengths.

Dust in DSFGs

The DSFGs are most often selected on the Rayleigh-Jeans tail of the SED, and they
therefore carry a bias against warm dust temperatures. Herschel/SPIRE observations of
spectroscopic and photometric samples (Casey et al., 2012; Symeonidis et al 2013} Lee
et al..|2013)), have shown that DSFGs at high redshifts have cooler SEDs than local ULIRGs,
even after correcting for selection biases. This difference in temperature is proposed to be
due to a more extended dust distribution (Swinbank, [2013)) in high-z DSFGs on scales
> 2kpc, compared to local ULIRGs where the ISM is more compact on ~ 1kpc scales.

The lack of FIR photometric points for most galaxies has made it difficult to determine
the dust temperatures and therewith the dust masses for DSFGs. But even with the lack
of a well constrained dust temperature, a flux density measurement on the Rayleigh-Jeans
tail of the black body curve can provide a decent estimate on the dust mass. For a sample
of 850 pm selected DSFGs with a flux density of Sgsoum ~ 5 — 10mJy (Smail et al., [2002)
at a redshift of (z) ~ 2 (Chapman et al 2005) and a dust temperature of Ty, = 20 —40K
(Kovécs et al., [2006]) the implied dust mass is ~ 5 — 20 x 10 M. However, considering
a Herschel selected sample with a flux density of Sa50-500um ~ 20 — 60 mJy, a redshift of
(z) ~ 1 and a dust temperature of Ty,st ~ 30—50 K (Casey et al.,2012) yields a much lower
dust mass of ~ 1 — 20 x 10® M. This difference is partly due to 850 um selected sources
being older and more massive galaxies than 250-500 ym selected ones. Additionally, the
Herschel selected sources are at lower redshifts.
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Dust in H2RGs

The difference between the study of dust in HzRGs and DSFGs, is the knowledge that
an AGN is for sure present in the HzRGs (Drouart et al., [2014), which is not always the
case for DSFGs. The temperature of the dust in HzRGs can therefore be higher (~ 300 K,
Rocca-Volmerange & Remazeilles|2005) than that in DSFGs (~ 35 K, [Weif§ et al.[|2013) due
to the dust absorbing emission from the AGN. However, the stars in HzRGs also heat the
dust, and disentangling of the two heating sources is difficult, as the processes produce dust
with overlapping temperatures. Dust heating by young O and B stars is visible in the slope
of the Rayleigh-Jeans part of the thermal dust emission at millimetre and sub-millimetre
wavelengths. The temperature expressed by this slope is relatively cool ~ 50 K (Archibald
et al., 2001; |Stevens et al., [2003; Reuland et al.| [2004) and similar to the temperatures
observed for starburst heated dust in e.g. DSFGs. However, evidence for a warm dust
component of ~ 300K is seen in HzRGs, which is consistent with dust heating by an
AGN (Rocca-Volmerange & Remazeilles, 2005). The sub-millimetre emission of HzRGs is
uncorrelated with the radio luminosity, implying no strong dependence on the strength of
the quasar and the AGN emission.

To properly disentangle the AGN and starburst heated dust, high spatial resolution
observations are required, which is now possible with facilities such as ALMA (e.g.|Gullberg
et al., 2015)).
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1.5 This thesis

This thesis explores the molecular and atomic gas and dust in a sample of lensed high-z
DSFGs and two HzRGs, with the aim to investigate the physical parameters of the ISM
in high-z galaxies. Facilities such as APEX, Herschel and ATCA made it possible to
explore the physical conditions (such as optical depth of the [CII] emission line) for the
diffuse gas in a sample of DSFGs from the SPT survey. Combining observations from
ALMA and the Multi Unit Spectroscopic Explorer (MUSE) for a HzRG has revealed
a much more complicated morphology than other wavelength observations had uncovered
previously. Studying another HzRG using deep high resolution ALMA observations, reveal
a surprisingly large amount of diffuse gas compared to dense gas and shock induced HyO
emission. These three different studies illustrate the crucial importance of observing objects
at different wavelengths. Only multi wavelength studies will make it possible to uncover
how different galaxy ‘populations’ evolve from the distant to the local Universe.

Chapter 2

Chapter 2 presents the observation, data reduction, analysis/discussion and conclusion of
[CII] observations of 20 strongly lensed DSFGs from the SPT survey at 2.1 < z < 5.7 using
APEX and Herschel. The [CII] line is robustly detected in 17 sources, and combining these
observations with low-J CO detections from ATCA and FIR data allows us to constrain the
properties of the ISM. The [CII] to CO(1-0) luminosity ratio in this sample is 5200 4 1800,
with significantly less scatter than in other samples. This line ratio is best described by a
medium of [CII] and CO emitting gas with a higher [CII] than CO excitation temperature,
high CO optical depth 7co(1-0) > 1, and low to moderate [CII] optical depth 7icry S 1.
The geometric structure of photodissociation regions permits such conditions.

The paper

For this paper I have produced all plots and carried out the analysis and discussion. I
was PI on the Herschel/SPIRE observations and performed data reduction of this data.
Data from APEX/FLASH was reduced by a collaborator. I have written the paper, with
a contribution from a collaborator i.e. §[2.2.2]

Chapter 3

Chapter 3 presents a pilot study of the z = 2.923 radio galaxy MRC0943-242, by for the first
time combining information from ALMA and MUSE data cubes. The observations, data
reduction and analysis/discussion of these data reveal that it is possible to disentangle
the AGN and starburst dominated sets of components. This reveals a highly complex
morphology, as the AGN, starburst, and molecular gas components show up as widely
separated sources in dust continuum, optical continuum and CO line emission observations.

The ALMA data show emission from CO and the MUSE data is rich in rest-frame UV
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emission lines. The combination reveals a linear structure of dust, Lya and CO emission,
and redshifted absorption seen in the circum-nuclear region, which might represent an
accretion flow feeding gas into this massive AGN host galaxy.

The paper

I carried out the data reduction of the ALMA data, while a collaborator performed the
reduction of the MUSE science verification data. I produced all plots, and the paper was
written by me and in close collaboration with the top tire, who contributed with small

sections i.e. § and [3.5]

Chapter 4

Chapter 4 presents a study of the diffuse and dense molecular and atomic gas in the HzRG
MRC1138-262 (also known as the Spiderweb Galaxy) using high resolution deep ALMA
235 GHz continuum, HyO, [CI|2-1 and CO(7-6) line detections. Two H2O detections close
to knots in the radio jet with no detection of underlying continuum, suggest shock induced
gas heating. This is the first detection of H,O in a high-z un-lensed galaxy. The surprisingly
bright [CI|2-1 line is so wide that it blends with the CO(7-6) line and spectral de-blending
reveals a line luminosity ratio of 0.2, suggesting a low excited molecular gas reservoir.

The paper

For this paper all reduction of the ALMA data and production of plot were carried out
by me. I have performed the analysis and written the paper, with contributions from my

collaborators to i.e. §[4.4.2
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2. The nature of the [CII] emission in Dusty Star Forming Galaxies from the
38 SPT survey

Abstract

We present [CII] observations of 20 strongly lensed dusty star forming galaxies at 2.1 <
z < 5.7 using APEX and Herschel. The sources were selected on their 1.4mm flux
(S14mm > 20mJy) from the South Pole Telescope survey, with far-infrared (FIR) lu-
minosities determined from extensive photometric data. The [CII] line is robustly detected
in 17 sources, all but one being spectrally resolved. Eleven out of 20 sources observed
in [CII] also have low-J CO detections from ATCA. A comparison with mid- and high-J
CO lines from ALMA reveals consistent [CII] and CO velocity profiles, suggesting that
there is little differential lensing between these species. The [CII], low-J CO and FIR data
allow us to constrain the properties of the interstellar medium. We find [CII] to CO(1-0)
luminosity ratios in the SPT sample of 5200 + 1800, with significantly less scatter than
in other samples. This line ratio can be best described by a medium of [CII] and CO
emitting gas with a higher [CII] than CO excitation temperature, high CO optical depth
Tco(-0) > 1, and low to moderate [CII] optical depth 7jci < 1. The geometric structure
of photodissociation regions allows for such conditions.

2.1 Introduction

The discovery of (sub)millimeter-selected dusty star forming galaxies (DSFGs) at high
redshifts (e.g. Smail et al.||1997; [Hughes et al. |1998; Barger et al.|[1998) fundamentally
changed our view of galaxy formation and evolution. DSFGs are massive (M, ~ 10" Mg;
e.g. Hainline et al.|[2011; Michalowski et al2012) and gas-rich (Mgs ~ 3 — 5 x 100 Mg;
e.g. (Greve et al. 2005} Tacconi et al.|2010; |[Bothwell et al.|2013b)), and have star formation
rates 2 1000 Mgyr—! (e.g. (Chapman et al.[2005). The properties of these galaxies remain
a challenge for conventional galaxy formation models (e.g. [Baugh et al,|2005; Lacey et al.|
2010; Benson, [2012; Hayward et al., |2013)).

Thanks to the availability of new space- and ground-based sub-millimetre facilities, our
knowledge of the interstellar medium (ISM) in massive gas-rich galaxies at high redshift
has dramatically improved in the past decade (Solomon & Vanden Bout 2005; |Carilli &
Walter| 2013} |Casey et al.[[2014). The most commonly used lines for studying the ISM in
DSFGs at high redshift are the rotational transitions of carbon-monoxide (CO) and the
[CII] A158 um fine structure line. The latter is the most important cooling line in the
ISM (Dalgarno & McCrayl, |1972), and traces neutral gas exposed to ultraviolet photons
from young stars. The [CII] line can therefore be used to probe the stellar radiation field
and how it affects the physical conditions of the gas. The bulk of the [CII] emission line
(70% in [Stacey et al.|[1991a, [2010)) is believed to originate from photodissociation regions
(PDRs), and the remainder from X-ray dominated regions (XDRs), cosmic ray dominated
regions (CRDRs), ionised regions (Hir regions) (Meijerink et al., [2007)), low density warm
gas and/or diffuse HI clouds (Madden et al., 1997).

The [CII] fine-structure transition (% = 1900.54 GHz) is nearly unobservable from

rest
the ground at z < 1 due to strong atmospheric absorption. The only low-z [CII] sam-
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ples have been observed with airborne (Crawford et al. [1986; Stacey et al., [1991a)) or
space based observatories (Malhotra et all [2001; Brauher et al, 2008} [Diaz-Santos et al.|
2013} [Farrah et all, 2013} [Sargsyan et al 2014} [De Looze et all, [2014). Submillimetre
atmospheric windows provide some access to the line from the ground at z > 1, with
atmospheric transparency continuing to improve towards higher redshifts (longer wave-
lengths). As a consequence, the first high-z [CII] detection was reported for the z = 6.42
quasar host galaxy SDSSJ114845251 a decade ago (Maiolino et al., [2005). The number
of [CII] detections has been steadily increasing since then, thanks to facilities such as the
Caltech Submillimeter Observatory (CSO), the Submillimeter Array, the IRAM Plateau
de Bure Interferometer, the Atacama Pathfinder EXperiment (APEX), the Herschel Space
Observatory, the Combined Array for Research in Millimeter-wave Astronomy, and the
Atacama Large Millimeter/submillimeter Array (ALMA). At 1 < z < 2, 21 [CII] detec-
tions were made using the redshift (z) and Early Universe Spectrometer (ZEUS) on CSO
(Hailey-Dunsheath et al, [2010} [Stacey et al.,[2010; [Brisbin et al., [2015), while Herchel de-
tected three [CII] lines at 1.5 < 2z < 3 (Ivison et all, 2010; [Valtchanov et all, 2011} |George|
et all [2013). Seventeen have been added to the number of z > 4 [CII] detections in the
past decade (Maiolino et al. 2005, [2009; Iono et al., [2006; Wagg et al., [2010; Ivison et al.|
[2010; De Breuck et al., 2011; Cox et al. 2011; [Swinbank et al., |2012; Venemans et al.,
2012; Walter et al., 2012; Riechers et al., 2013; |Wang et al., 2013; [Rawle et al., [2014;
Breuck et al, 2014; |[Neri et al., 2014). Many of these objects have been selected based on
the presence of a luminous active galactic nuclei (AGN; e.g. [Maiolino et al., 2005} |Stacey|
et al. |2010; Wang et al., 2013)), while others have been selected as starburst galaxies (e.g.
[Ivison et al. 2010; Hailey-Dunsheath et al., 2010} [Stacey et al., 2010; Cox et al., 2011;
Swinbank et al, [2012; Walter et al., 2012; Riechers et al., 2013} Brisbin et al. [2015]). This
leads to a heterogeneous sample of high-z [CII] detections, containing a mixture of AGN
and starburst-dominated systems. The heterogeneity of the sample complicates the inter-
pretation of trends within it. [Stacey et al| (2010) suggest, based on the [CII|/FIR and
[CII] to CO(1-0) luminosity ratios, that [CII| emission originates mainly from PDRs and
that the ISM and stellar radiation field in these z ~ 1 — 2 galaxies resemble that observed
for local starburst systems. These studies have followed the conclusion of |(Crawford et al.
that the [CII] emission is optically thin or reaching unity opacity (7 < 1); however,
this was recently challenged by Neri et al.| (2014]), who argued for optically thick [CII].
Here we present [CII] observations of 20 gravitationally lensed DSFGs in the redshift
range z ~ 2.1 — 5.7 discovered by the South Pole Telescope (SPT; |Carlstrom et al., [2011}
Vieira et al., [2010). These 20 sources are a subset of those selected from the first 1300 deg?
of the 2500 deg? SPT-SZ survey. Followup observations with ALMA have provided spec-
troscopic redshifts for all of these objects (Weif3 et al., 2013; |Vieira et al., [2013)). We also
include two new sources observed in Cycle 1 (see Appendix for details). The bright
(S1.4mm > 20mJy) flux selection of the SPT sample ensures that virtually all sources will
be gravitationally magnified, with a bias towards z > 2 (Hezaveh & Holder, 2011} [Weif}
, . The magnified emission allows us to study the ISM in these DSFGs in greater
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detail, using fine structure and molecular lines such as [CII] and CO. By including low-.J
CO observations for 11 sources in our analysis, we determine the physical state of the ISM
by studying the [CII] and CO(1-0) line intensity ratios.

This paper is organised as follows: in we describe the [CII] and CO observations,
and the results for these observations are given in §2.3 In §2.4] we present our analysis,
and discuss the implications in §2.5l Our conclusions and summary are given in
Throughout this paper we adopt the cosmology: Hy = 71km s~! Mpc™!, Q, = 0.73 and
Q,, = 0.27 (Komatsu et al., 2011)).

2.2 Observations

2.2.1 Supporting ALMA and ATCA observations

The 20 DSFGs presented here are a subset of 100 strongly lensed DSFGs selected over the
2500 deg? SPT-SZ survey. See Table 1 in [Weif et al| (2013)) and Table[2.3|in Appendix
for the full names and positions. Mid- and high-J CO rotational lines (i.e. CO(3-2),
CO(4-3), CO(5-4) and/or CO(6-5)) were detected for 23 P| DSFGs with the Atacama
Large Millimeter/submillimeter Array (ALMA). The redshifts of all our [CII] targets are
determined by one or more CO lines plus the [CII] line itself and are therefore robust.

In addition, low-J CO emission lines (CO(1-0) or CO(2-1)) were observed with the
Australia Telescope Compact Array (ATCA) for 11 of the SPT DSFGs for which [CII]
observations are presented in this paper Aravena et al.| 2013} Aravena et al. in prep). Ab-
solute flux calibration of the ATCA data is estimated to be accurate to within 15%. Details
of the observations, fluxes and associated uncertainties will be presented in a forthcoming
paper by Aravena et al.

2.2.2 APEX/FLASH

We targeted all galaxies in the SPT DSFG sample with known redshifts that place the
[CII] line at frequencies which are observable with good atmospheric transparency using
the First Light APEX Submillimetre Heterodyne receiver (FLASH, [Heyminck et al.|2006).
Eleven sources at 4.2 < z < 5.7 were observed in the 345 GHz channel between 2012 Au-
gust and 2014 June, and six sources at 3.1 < z < 3.8 were observed with the 460 GHz
channel between 2013 March and August during Max Planck time. All observations were
done in good weather conditions with an average precipitable water vapour < 1.0mm,
yielding typical system temperatures of 230 and 170K for the 345 and 460 GHz observa-
tions, respectively. The beam sizes/antenna gains are 22.0”/40 Jy K=* and 13.5” /48 Jy K~
for the lowest and highest observed frequencies of the [CII] line, respectively. The beam
size is much larger than the observed Einstein radii of these sources and thus they are
unresolved (Vieira et al., 2013; Hezaveh et al.| 2013)). The 82 hours of observations were
done in wobbler switching mode, with switching frequency of 1.5 Hz and a wobbler throw

20ne source SPT0538-50 (Greve et al. [2012 [Bothwell et al.l [2013b)), was not observed with ALMA.
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of 50” in azimuth. Pointing was checked frequently and was found to be stable to within
2.5". Calibration was done every ~ 10 min using the standard hot/cold-load absorber mea-
surements. The data were recorded with the MPIfR Fast Fourier Transform spectrometers
(FFTS; Klein et al.|[2006) providing 4 x 2.5 GHz of bandwidth to cover the full 4 GHz
bandwidth in each of the upper and lower sidebands of the sideband-separating FLASH
receiver.

The data were processed with the Continuum and Line Analysis Single-dish Software
(CLASSZ_;D. We visually inspected the individual scans and omitted scans with unstable
baselines, resulting in < 10% data loss. We subtracted linear baselines from the indi-
vidual spectra in each of the two FF'TS units, and regridded to a velocity resolution of
~ 90kms™! in the averaged spectra. On-source integration times were between 1.5 and 5
hours. Table summarises the line intensities, and Figure shows the spectra.

We detect [CII] emission in 16 out of 17 sources observed with FLASH. The only non-
detection is in the highest redshift source, SPT0243-49 at z = 5.699. This source has an
unambiguous redshift confirmed by two high-J CO lines with ALMA (Weif} et al., [2013])
and a CO(2-1) line with ATCA (Aravena et al. in prep.). The observed Lici/Lpr ratio
(< 1.3 x1073) is close to the median of our sample (see Table [2.1]), suggesting that a [CII]
detection for this source is feasible with a moderately deeper integration.

2.2.3 Herschel/SPIRE

For three z ~ 2 sources in the SPT sample (see Table[2.1)), the [CII] line falls in a frequency
range (500-610 GHz) where the atmosphere is opaque. We thus observed these sources with
the SPIRE Fourier Transform Spectrometer (FT'S; Griffin et al.|2010) onboard Herschelﬂ
(Pilbratt et al., 2010). For more detail about the observations and results for SPT0538-50,
see Bothwell et al. (2013a)). The observations of SPT0551-50 and SPT0512-59 were carried
out on 2013 March 2 in single-pointing mode using both the short wavelength (SSW)
and long wavelength (SLW) bands covering 194-313 pm and 303-671 um. The observations
were done in high spectral resolution mode equivalent to 0.04cm™' (1.2 GHz) with 100
repetitions, resulting in an on-source integration time of 13752s (3.8 h) per source.

The data were reduced and calibrated using an updated SPIRE FTS pipeline in the
Herschel reduction tool HIPE v11, which includes all detectors in the observation and uses
new calibration files. The detection of lines fainter than 1Jy is very challenging because
thermal emission from the warm optics contributes as much as 1000 Jy at 1000 GHz. We
subtract the average of the off-target pixels in order to remove this excess emission from the
telescope. Another possibility is to subtract a ‘dark sky’ observation made on the same day
with the same exposure time, but in our case the noise level was lowest by subtracting the
average of the off-target pixels. As the model of the telescope has an uncertainty of 0.1%,
there remains a residual continuum uncertainty of ~ 1 Jy in the continuum. We therefore
subtract an additional second order polynomial from the SSW and the SLW spectral part

Shttp://www.iram.fr/IRAMFR/GILDAS/
4 Herschel is an ESA space observatory with science instruments provided by European-led Principal
Investigator consortia and with important participation from NASA.
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separately, and look for the [CII] line at the expected frequency (Valtchanov et al. 2011)).
Figure [2.2 shows the resulting spectra.

2.3 Results

Figures [2.1] and 2.2 show the [CII] emission lines and Table [2.1|lists the [CII] luminosities
obtained from APEX/FLASH and Herschel SPIRE FTS observations, along with far-IR
luminosities (Lpr). We have 17 [CII] emission line detections (16 with FLASH and one
with Herschel SPIRE FTS) and three non-detections (one with FLASH and two with
Herschel SPIRE FTS).

2.3.1 Velocity profiles and line fluxes

Despite an increasing number of high-z [CII] detections in the literature, only a few of these
have sufficient spectral resolution and S/N and supporting data to compare line profiles
with other bright lines like CO (e.g. Rawle et al.[2014)). This is the first sample of sources
with spectrally resolved data with S/N> 3 in both [CII] and CO making it possible to
compare the shapes of velocity profiles. In the following, we consider only the 17 sources
observed with FLASH, as the 3 sources observed with SPIRE are not spectrally resolved.

Figure shows the velocity profiles of the [CII] lines compared with the mid- and
high-J CO lines observed with ALMA. The CO lines have been scaled to match the peak
flux of the [CII] line, in order to facilitate the comparison of the velocity profiles. We first
fit the CO and the [CII] lines independently with single Gaussian functions. We accept
the single Gaussian fit if the reduced y? does not exceed 145X+/2ng0f, Where ngof is the
number of degrees of freedom. This quantity corresponds to 5 standard deviations of the
x? distribution. If the single Gaussian fit does not match the above criterion, we use a
double Gaussian function, i.e. two Gaussian functions with displaced central positions.
The double Gaussian function is sufficient to describe the line profiles that do not match
a single Gaussian. In practice, this happens in SPT0103-45 and SPT0418-47, which have
lines that display a slight asymmetry on the red side of the lines; the velocity difference
between the CO and [CII] peaks is <150kms™!.

We then simultaneously fit the single or double Gaussian profile (depending on what
is necessary to fit the profiles individually) to the CO and [CII] velocity profiles assuming
the profiles are similar with just one free scaling parameter. This allows us to test if
the two profiles are consistent or not. Only the [CII] and CO lines for SPT0532-50 have
different velocity profiles. The remaining 16 sources have consistent line profiles with
Y2 <145 %/ 2nge

We obtain the line widths (FWHM) listed in Table by fitting a single Gaussian.
To test the reliability of our method we also fit the spectra by taking velocity-weighted
moments, and find fully consistent results. The resulting FWHMs are in the range ~
210 — 820km/s. This is comparable to the typical CO line width of ~ 460 kms™! found
for SPT DSFGs by stacking 22 spectra (Spilker et al.) [2014). Nine out of 20 sources
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have FWHM > 500km/s, which is large compared to other high-z [CII] detections (e.g.
360km/s on average in the sample of [Wang et al.|2013)).

We obtain the velocity-integrated fluxes for the FLASH/APEX detections by summing
the observed line profiles over the 3¢ limits obtained from the single Gaussian fits. The
[CTI] apparent luminosities range from 1.4 to 9.2 x 10'° L, which is 1-2 orders of magnitude
higher than their mid- and high-J CO luminosities (~ 3 — 30 x 10® L), where both are
uncorrected for lensing.

The [CH] detection in SPT0512-59 with SPIRE FTS (see Figure right) confirms
the redshift at z = 2.234. We determine the integrated line flux in the same manner as
Valtchanov et al.|(2011) by fitting the emission lines with a sinc-function, and calculate the
RMS using the standard deviation of each channel within £5000km s~ of the expected
line centroid (see [Valtchanov et al.|2011| for more details).

Our SPIRE FTS observation for SPT0551-5(f does not detect any [CII] emission (see
Figure left). The redshift was reconfirmed by weak CO(1-0) emission observed with
ATCA (Aravena et al. in prep.). We therefore take the 30 upper limit of the expected line
peak to be 3 times the RMS noise.

2.3.2 Lensing

The lensing magnification of the SPT DSFGs allows us to study the ISM in galaxies at
high redshifts, but also introduces the possibility of differential lensing. The compactness
and location of a region relative to the lensing caustic determines the magnification of
the emission. Differential lensing amplification may thus occur between compact and ex-
tended emitting regions, or components occupying different regions (e.g. Hezaveh et al.)
2012). From observations of the Milky Way and nearby galaxies, we might expect the [CII]
emission to originate from more extended and diffuse media than the more optically thick
low-J CO emission in giant molecular clouds (GMCs) (Fixsen et al| [1999)). If the [CII] was
dominated by emission from such diffuse regions, it could be subject to differential lensing
compared to the more compact CO emission. However, the similar [CII] and CO velocity
profiles suggest that such differential lensing is not significant.

Modelling the lensing magnification factor is of great importance, and has been per-
formed for some of the DSFGs in this sample using ALMA data. The lens modelling is
performed in the (u,v)—plane to properly represent the parameter uncertainties in the
interferometric data (see Hezaveh et al. 2013 for more details). The four sources with lens
models have lensing magnification factors u between ~ 5.4 — 21.0 (Hezaveh et al., 2013])
and a mean of () = 14.1. In cases where the lensing magnification factor is unknown,
we use the mean magnification factor to estimate the intrinsic luminosity. We then con-
servatively choose to span the uncertainty on the lensing magnification factor from the
smallest (= 5.4) to the largest (u = 21.0) giving the mean magnification an uncertainty
of 7.8. We assume that the magnification factors derived from the dust continuum are also

®Note that is one of the rare cluster lenses in the SPT sample (Vieira et al., [2013)). This, however,
should not have any effect on the detectability of [CII] in this source.
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Figure 2.1: Comparison of the velocity profiles of the [CII] lines detected with APEX/FLASH and SPIRE FTS (grey
filled profiles) and mid-J CO line observed with ALMA in Cycle 0 (coloured lines; |[Weif} et al.| |2013)).The CO lines have been

scaled to match the [CII] peak flux. The similarities between the CO and [CII] lines for individual sources suggest that the

spatial distributions are similar and differential lensing is not significant.
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Figure 2.2: Herschel SPIRE FTS spectra for SPT0551-50 and SPT0512-59. Left: Non-detection of the [CII] emission
line for SPT0551-50. Right: Detection of [CII] emission line for SPT0512-59. The continuous red curve is the sinc-function
used to fit the [CII] line (see [Valtchanov et al.[|[2011]).

appropriate for the line emitting gas. A lens modelling analysis of the remainder of the
ALMA Cycle 0 imaging data is currently under way.

2.4 Analysis

2.4.1 Comparison sample of nearby and distant galaxies

We compare the SPT sample with that of Garcia-Carpio et al. (in prep), which is comprised
of 333 sources. These sources include LIRGs and ULIRGs from the Great Observatories
All-sky Survey (GOALS, Diaz-Santos et al.2013) and normal and Seyfert galaxies from
Brauher et al. (2008)) with spatially unresolved [CII] detections integrated over the entire
individual galaxies. The sample contains 308 sources at z < 0.4 and 25 at z > 1. In addi-
tion, we have searched the literature for additional z > 1 DSFGs with [CII] observations,
which we list in Appendix [2.8] In constructing this low and high-z comparison sample, we
have paid particular attention to ensure that the photometric data are integrated over the
full galaxies, as all line and continuum data for the SPT sample are also integrated values.

Conversion to CO(1-0) luminosities

Like the SPT sample (§ , many of the sources in the comparison sample also have
published CO observations. In cases where the CO(1-0) emission lines have not been
observed, Gracia-Carpio et al. (in prep) derive the Lconoy by converting the observed
mid-J CO luminosities to Lcoi-g) using scaling factors from Stacey et al.| (2010). When
multiple J > 1 CO lines were observed, we take the average of the scaled Lco(i—g). These
scaling factors are based on previous studies involving several rotational lines from both
nearby galaxies, ULIRGs and high-z galaxies, which allow for the assumption of fixed CO
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line ratios up to CO(4-3)/CO(1-0) (Stacey et al., 2010). The conversion factors used by
Stacey et al| (2010) assume an integrated line flux (Wm™2) ratio of CO(2-1)/CO(1-0)
= 7.2, equivalent to 90% of the thermalised optically thick emission (i.e. a brightness
temperature ratio of 0.9), CO(3-2)/CO(2-1) = 3.0 (90% of the thermalised optically thick
emission) and CO(4-3)/CO(2-1) = 6.4 (80% of the thermalised optically thick emission).

The assumed CO(2-1) to CO(1-0) brightness temperature ratio of 0.9 for DSFGs is
in agreement with observations of Bothwell et al.| (2013b)), who find a ratio of 0.85 for
32 luminous submm galaxies at z ~ 1.2 — 4.1. The [CO(2-1)/CO(1-0)] ratio has also
been observed for four normal star forming galaxies by |Aravena et al.| (2014)), resulting
in a slightly lower [CO(2-1)/CO(1-0)] brightness temperature ratio of 0.7 + 0.16 for four
BzK galaxies at z ~ 1.5 — 2.2. Even though the ratio is consistent with |Bothwell et al.
(2013b)) within the uncertainties, a lower [CO(2-1)/CO(1-0)] ratio is expected for normal
star forming galaxies than for starburst galaxies, because the molecular gas in starburst
galaxies is expected to be more highly excited. |Spilker et al.| (2014)) find an average CO(2—
1)/CO(1-0) brightness temperature ratio of 1.140.1 for 22 of the SPT DSFGs by stacking
ATCA spectra, after scaling them by their 1.4 mm continuum flux density. Given the range
of values of these three methods, and for consistency with previous literature, we adopt
the scaling factor of 0.9 from [Stacey et al. (2010).

FIR luminosities

We obtain the FIR luminosities Lgir and the dust temperature Ty for each source in
the SPT DSFG sample by fitting the well-sampled spectral energy distributions (SEDs)
with a greybody law fixing the emissivity index () at 2.0, up = 100 and fitting Ayesy <
50 pm, following |Greve et al| (2012)) and Strandet et al. (in prep). We integrate the
SED between At = 42 — 500 um in the rest frame to obtain Lggr. Our SPT DSFGs all
have 7 photometric data points covering observed wavelengths from 250 to 3000 ym (e.g.
Weifl et al| 2013). This allows for a uniform determination of the FIR luminosity using a
parametrised SED fittind®] The SPT sources, which have well-sampled SEDs, thus have a
smaller uncertainty in Lpr than sources with poor photometric coverage (see Figure .

To compare the low-z and high-z sample with the SPT sources in a consistent way,
we compiled published FIR photometry (Gracia-Carpio et al. in prep; Appendix ,
and derived Lgg and Ty using the same fitting code we used for the SPT sources (Greve
et al., 2012). TRAS and ISO data are available for sources published by Brauher et al.
(2008), and FIR data are also available for a large number of the GOALS sources at
NASA /IPAC Extragalactic Database (NEDED The comparison sample contains 165 sources
with sufficiently good photometry to derive Lgr and Ty using the method in (Greve et al.
(2012)); 14 of these are z > 1 sources (see Figure [2.3). Sources with insufficient available
photometry to derive Lgg using our procedure are not included in analyses requiring Lgr

60ther studies (e.g. Stacey et all 2010; Helou et al., [1988) use the two band definition for Lgr:
Frir = 1.26 x 107 x (2.58 f0um + f100,m)[W m™2] which is equivalent to the 42.5-122.5 ym luminosity
(Helou et al., [1988).

“http://ned.ipac.caltech.edu
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Figure 2.3: Observed Lpirvs redshift for the 20 SPT sources and the comparison sample. No Lgir have been corrected
for lensing magnification factors. The distribution shows the Malmquist bias where high-z galaxies require either lensing
magnification or very high intrinsic FIR luminosity of Lpir > 102 Lg to be included in the parent sample. The evolution
of the luminosity function and the smaller comoving volume at low redshifts imply that objects with similar high intrinsic
Lyir are missing from the low-z sample. However, the most highly lensed DSFGs may have similar intrinsic Lgrgthan the

most luminous sources in the local sample.

but are still included in the Licm/Lceoa-o) ratios.

Figure presents the observed Lgg distribution of our combined sample. There is a
clear gap between the low and high-z samples due to the limited sensitivity of the nearby
samples, and the atmospheric transparency prohibiting [CII| observations at z < 1 from the
ground. The selection function of the high-z sample is quite complex because many sources
have been pre-selected to have a good chance of detection in [CII] (e.g. by having strong
dust continuum and/or CO emission). In addition, the improved atmospheric transparency
at lower frequencies mostly compensates for the distance dimming in the more distant
sources. The evolution of the luminosity function and the smaller co-moving volume at
low redshifts imply that objects with similar high intrinsic Lgg are missing from the low-z
sample.

The SPT sources in this sample have FIR luminosities in the range Lypg= (1.2—11.8) x
10"Ls. After de-magnification the range is Lpr /i = (1.1 — 21.9) x 10" L, with a mean
de-magnified Lpg of 5.2 x 10'2 L, which is similar to the most luminous sources in the
low-z sample.

The uniform sensitivity of the ALMA mm spectroscopy, continuum, low-J CO and
[CII] observations (all with S/N>3) lead to a high completeness of the SPT sample. This,
combined with the lensing amplification factor which is about one order of magnitude
(Hezaveh et al.; 2013), make the SPT DSFG sample one of the most representative samples
to date for massive, IR-luminous starburst galaxies at high redshifts.
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AGN content

The comparison sample contains both starburst galaxies and luminous AGN. In the high-
redshift sample, we distinguish the AGN-dominated sources from those without any known
AGN. These high-redshift AGN are quite rare sources, mostly selected based on their
bright optical emission lines (e.g. Wang et al.|2013). The SPT DSFGs are selected solely
on their lensed 1.4 mm continuum flux, and direct mm imaging and spectroscopy avoids
any radio/optical identification steps that may introduce biases towards AGN-dominated
systems. Optical spectroscopy of the SPT DSFG sample to derive the redshifts of the fore-
ground lensing galaxies has not shown any indications of type-1 or type-2 AGN. Strongly
obscured type-2 AGN may still be present in some SPT DSFGs. Supported by the dis-
cussion in §2.4.4] we will assume in the following that the AGN contributions in the SPT
DSFGs are negligible.

2.4.2 Observed [CI11] to FIR ratios

Figure presents the Licy / Lgir ratio against Lpig for the SPT sources and the compar-
ison sample. The typical error bar for the low-z sources (in this and the following plots)
is illustrated by the cross in the bottom left. This typical error bar includes the quoted
uncertainties of the lines (e.g. [Young et al., [1995; Negishi et al [2001)), the absolute and
statistical uncertainty of the FIR photometry, and of the FIR luminosity determined by
our own SED fitting. The SPT DSFGs have been corrected for lensing amplification either
using the known lens model (Hezaveh et al., 2013), or assuming a mean magnification
factor (u) = 14.1 & 7.8 for the sources without a lens model (see section [2.3.2)).

Sources with Lpig < 10 L appear to have a roughly constant L[cn]/ Lpir ratio (~
4 x1073). At Lpir 2 10" L, the ratio drops to 6 x 107* for the z < 1 sources in the
comparison sample, similar to what has been reported in previous studies (e.g. Maiolino
et al.l 2009; [Stacey et al., 2010). Whether this is an intrinsic or observational effect due
to limited sensitivity of the [CII] and/or FIR photometry in the low-z samples is not
clear, and investigating this is beyond the scope of this paper. The z > 1 sources from
the comparison sample are scattered over two orders of magnitude, which may be due to
the heterogeneous mix of the parent samples. The highly complete (82% detections) and
uniformly observed SPT sources have a smaller scatter and an average L[CH]/ Lyir ratio
of ~ 1073. A Kolmogorov-Smirnov test results in a probability of 0.7 that the Licry/ Ler
values for Lpg = 101 L from the SPT and the low-z samples are drawn from the same
distribution.

Normalising the FIR luminosity by the molecular gas mass reduces the scatter seen in
Figure[2.4 for the Lpr > 10 L, sources (Gracié-Carpio et all,[2011). The Lgr /Mgy, ratio
is expected to be proportional to the star formation efficiency, specifically to the number
of stars formed in a galaxy per unit molecular gas mass. This ratio has the additional
advantage that the lensing magnification factor cancels out. We estimate the molecular
gas masses for the 11 sources for which we also have low-.J CO line detections (Aravena et
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Figure 2.4: L[CII]/LFIR vs Lyir for SPT sources and the comparison sample. As reported in previous versions of this
plot, the Licry/LFir is anti-correlated with Lpir. In particular at L 2 10" L, the Licij/Lrir ratio drops and has a
larger spread. For the SPT sources without known lensing models, we assume a lensing magnification factor of 14.1 (and an
uncertainty which encompasses the range of 5 to 22 from the known models). The typical error bar for the literature sources
is represented by the black cross in the lower left. The histogram on the right shows the distribution of galaxies with Lpig

> 101 Lg.

al, in prep.). We determine the molecular gas mass by:

My, = acoLcoq.o); (2.1)

where aco is the CO-to-H, conversion factor. To be consistent with |Gracia-Carpio et al.
(2011), we assume aco = 0.8 Mg, (K km/spc?)~! determined by [Downes & Solomon! (1998))
for the SPT DSFGs and the low- and high-z comparison samples. Figure plots
Liciy/Lyr as a function of Lpr/Mpu, and shows that the DSFGs lie among the local
LIRGs. Low-z sources with Lpg = 10 Ly, and the high-z sources have similar Licry/ Ler
ratios.

2.4.3 Dust temperatures

As first shown by Malhotra et al.| (1997)), the Liciy/Lrir ratio shows a strong anti-correlation
with Ty. They attributed this trend to an increase in the Gy/n ratio (far-UV ionising field
over density) in the hotter, more active galaxies, and hence a lower efficiency of gas heating
reducing the [CII] flux while increasing the dust temperature. We here revisit this trend
using the uniformly-derived set of Lgg and Ty values for the SPT sources and comparison
samples, derived from our SED modelling (§[2.4.1)). The top panel of Figure [2.6] compares
the Licm /Ly ratio to Ty, with both quantities being independent of the lensing mag-
nification. The strong anti-correlation of these quantities is visible in all three samples.
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Figure 2.5: L[CII]/LFIR vs the FIR luminosity normalised by the molecular gas mass. The molecular gas mass is derived

assuming a conversion factor of aco = 0.8Mg (Kkms™!pc=2)~!

. The Lpir /My, ratio is expected to be proportional to
the number of stars formed in a galaxy per unit molecular gas mass (Gracia-Carpio et al 2011). This My, normalisation
removes the uncertainty due to the unknown lensing magnification factors, and reduces the scatter seen in Figure @ but

the deficit in the L[CII]/LFIR ratio still persists. The typical error bar is represented by the black cross.

However, if the dust and [CII] emission are coming from the same regions, and Licry is
less dependent on Ty, a significant part of this anti-correlation can be explained with the
Stefan-Boltzmann law which predicts Ly o< Th?.

In order to look for a residual correlation, we cancel out the Ly o< Th* dependence
by plotting Licm X Ty*/Lrr against Ty (see bottom panel of Figure . We note that
a small systematic offset in Ty would get propagated as Ty*. To test the presence of a
correlation taking into account the [CII] upper limits, we use the generalised Kendall’s tau
method (Lavalley et al.,[1992)). We find a probability that both variables are not correlated
of 0.036, 0.602 and 0.151 for the low-z, high-z and SPT samples, respectively. The small
displacement of the SPT sources relative to the comparison sample in Figure [2.6| is likely
due to Malmquist bias and evolution effects resulting in the most luminous sources being
absent in the low-z comparison sample (see §. While there is marginal evidence for a
small positive residual correlation (especially in the low-z sample), most of the correlation
seen in the top panel has canceled out. This confirms our assumptions that the dust
and [CII| emission are originating from the same regions and that Licy is less dependent
on Ty. We therefore conclude that the observed correlation is mostly dominated by the
Stefan-Boltzmann law.
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Figure 2.6: Top panel: L[CH]/LFIR vs Ty for the SPT DSFGs and the low and high-z comparison sample. The anti-
correlation between the Loy /Lpr ratios and the dust temperatures is seen for both low- and high-z sources, and is expected
because the Stefan-Boltzmann law predicts Lrir o« Ty*. Bottom panel: [CII|xTy*/Lervs Ty for the SPT DSFGs and the
low and high-z comparison sample. Multiplying the Licyy /Lpr ratio with Tq# cancels out the temperature dependence of
the Stefan-Boltzmann law. All lensing magnification factors and beam filling factors cancel in both panels, and the typical

error bar is represented by the black cross.
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Figure 2.8: L[CII]/LCO(l—O) vs Ty for the SPT sources and the low and high-z comparison sample. The typical error
bar is represented by the black cross. The grey shaded area represents the 1o spread of the L[CII]/LCO(l—o) ratio in the
SPT sample. Both the SPT sources and the low-z sample do not show any dependence on Ty. The high-z AGN-dominated

sources are both warmer and have fainter [CII] relative to CO.
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2.4.4 Observed [CI1] to CO ratios

One of the strengths of the SPT DSFG sample is that more than half of the sources have
both [CII] and low-J CO detections. Figure|[2.7|plots the [CII] vs CO(1-0) luminosities for
these 11 sources, along with high-z sources in the comparison sampld® All high-z sources
fall close to the Liciy/Lcoogi-o) ~ 4400 relation for local galaxies reported by (Crawford
et al.| (1985); Wolfire et al.| (1989); Stacey et al.| (1991a, 2010); Swinbank et al. (2012); Neri
et al.| (2014). This relation has been explained in terms of PDR models (Wolfire et al.
1989, |1993; |Stacey et al., [1991a). Using the eight SPT DSFGs with [CII] and CO(1-0)
detections, we determine the Lo/ Leo(i-o) ratio to be 5200 £ 1800. In section we
derive the physical conditions that can be derived from this ratio from first principles and
eventually compare it with the PDR models.

Finally, in Figure , we test if the Licy / Lcoao) ratioﬂ depends on Ty3. We find no
correlation in either the low-z or the SPT DFSG sample. However, the four high-z sources
with the lowest Licry/Lcoogi-o) ratio are all AGN dominated. This is consistent with the
observations of |Stacey et al.| (2010) and [Sargsyan et al.| (2014) that AGN dominated sources
have lower Licry /Lpr ratios. Although our Ty determinations are rather crude, these
AGN-dominated sources are also those with the warmest T}, as expected (see, e.g., Figure
3 in (Greve et al.|2012)). Interestingly, only 2 out of 11 SPT DSFGs fall near the AGN-
dominated sources in Fig. supporting our conclusion (§ that the SPT sample
does not contain many strongly AGN-dominated sources.

2.5 Discussion

2.5.1 Possible origins of the [CII] to CO correlation
Determining the optical depth of the [CII] line

The origin of the correlation between the [CII] and CO(1-0) luminosities and the impact of
their relative optical depths was first discussed by (Crawford et al.|(1985)), and later by others
in both low and high-z objects (e.g./Wolfire et al.|1989; |Stacey et al.|1991a}, 2010; Swinbank
et al.|2012; Neri et al.|2014)). |Crawford et al. (1985]) assumed [CII] excitation temperatures
Tex ey > 92@ and could therefore apply the Rayleigh-Jeans approximation. This
assumption was supported by independent estimates of the gas temperature of order ~
300 K using other fine-structure lines and assuming optically thin [CII| emission (Ellis &
Werner| 1984). They remarked that their observed Liciy/Lcoa-o) ratio ~ 4400 is close
to the [CII] to CO(1-0) frequency ratio cubed, suggesting optically thick [CII| emission.

8Note that Figure presents a larger number of high-z sources than Figures and as it
does not involve quantities derived from continuum photometry. The calculation of Lgr and Ty require
photometric data that are unavailable for several of the high-z comparison objects (see section and
Appendix .

9Note that both parameters are independent of the lensing magnification.

10The [CII] ground state energy level is 92 K.
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However, using supporting data in Orion, the Galactic centre and M82, they independetly
derived [CII] optical depths 7;cyy = 0.03 — 1. This conclusion that [CII] is mostly optically
thin has been assumed several times since (e.g. Stacey et al., [1991a; Hailey-Dunsheath
et al., 2010; Stacey et al. 2010; [De Breuck et al.| [2011} Rawle et al.| 2014]).

The most accurate way to determine the optical depth of the [*Cu| emission line is
through observations of the isotopic line ratios. The two [CII] emission lines for '*C and
13C have been observed in local star forming regions, e.g. in M42 (Stacey et all, [1991b}
Boreiko & Betz, |1996), NGC2024 (in the Orion nebula; |Graf et al., [2012), the Orion Bar,
Mon R2, NGC 3603, the Carina Nebula and NGC 7023 (Ossenkopf et al., 2013). These
observations find optical depths ranging from 7 ~ 1 to 7 ~ 3, with on average a moderate
optical dept 7 ~ 1.4. However, one should keep in mind that Orion and Carina are very
bright [CII] emitters (to allow for a detection of the faint 3C), with very strong FUV
fields (Gy ~ 10 — 10°), implying large [CII] columns and hence rather high opacities.
The galaxy-scale average may result in lower optical depths near unity. Unfortunately,
this isotope ratio technique cannot be applied to galaxy-integrated [CII] observations as
the ["2Cu] fine structure line and the brightest ['*Cu| hyperfine structure line are only
separated by ~ 110km/s, which is smaller than the typical widths of these lines. The
much weaker *C line is then indistinguishable from features in the profile of the 2C line.

The optical depth of [CII] in very distant galaxies must therefore be estimated by other
methods. The idea of optically thick [CII] emission at high redshifts was recently proposed
by Neri et al. (2014) for the high-z sub-millimetre source HDF 850.1. They assume the
[CII] line excitation temperature is the same as the dust and gas kinetic temperatures,
and argue for high line optical depth of the [CII] line (i.e. 7iciy 2 1). The observed Liciy
and predicted Lco-oy by Walter et al| (2012), yield a Liciy/Lcooi-o) ratio of ~ 5200, in
agreement with the ratio derived from the SPT sample of 5200 £ 1800 (§ [2.4.4). We now
generalise this line ratio method by comparing the source functions. This does not require
the CO and [CII] excitation temperatures to be the same, nor that the Rayleigh-Jeans

approximation applies (i.e. we also consider cases where Ty [cy is close to or below 91 K).

From the source functions of both lines, the luminosity ratio depends on

Licy _< Vici )3 % ( Avicn ) o ehvooa-o)/Flexcoao — 1 1 — e~Tom

. 2.2
AVCO(l—O) etvicn)/FTex ciy — 1 1 — e~ Tco@-0)’ (2.2)

Lcoo) VCo(1-0)

where we have assumed that the [CII] and CO emitting gas have the same filling factors (see
§2.4.3)). This assumption is consistent with the very similar [CII] and CO velocity profiles

(Figure . Tn this case, ~—d9_ — Y1 Al in nearby galaxies, [CII] and CO

’ Avco(i-o) Yco(1-0)
have been found to trace each other both morphologically and kinematically (e.g. Braine
et al.| 2012/ and Mittal et al.|2011). Equation (2) has four free parameters: two excitation
temperatures and two opacities. In order to obtain constraints, we therefore have to fix
some of these.
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Figure 2.9: The Lici/Lcoi-oy ratio predicted from the source functions versus equal [CII] and CO(1-0) excitation
temperatures (Tex [c11] = Tex,co(1-0)), for three different cases of the optical depth: ) optically thin [CII] and optically thick
CO(1-0) (the black dot-dashed curve), i) optically thick [CII] and optically thin CO(1-0) - (the grey dot-dashed curve),
i11) same optical depth of [CII] and CO(1-0) (blue dashed curve). The grey shaded area represents the lo spread of the
Lici/Lco(i-o) ratio in the SPT sample. Case 1 underpredicts the ratio by an order of magnitude. Cases ii and 4 can both
reproduce the observed ratio. However, we know from 2CO to 3CO ratios that CO is optically thick (e.g. |Spilker et al.)
2014)), which rules out case . Only case 74, implying optically thick CO and [CII], is consistent with all observational data.

Same [CII] and CO excitation temperatures

We first consider the case suggested by Neri et al.| (2014)) of equal excitation temperatures
(i.e. T ety = Tox,co(1-0)), Figure plots Lici/Lcoq-0) vs Tex for the three scenarios:
i) optically thin [CII] and (nearly) optically thick CO(1-0) emission, iz) (nearly) optically
thick [CI] and optically thin CO(1-0) emission, ) same optical depth for [CII] and
CO(1-0).

Scenario ¢ shown by the black dot-dashed curve underpredicts the observed ratio (grey
shaded area) by an order of magnitude. In the opposite case, scenario ii (grey dot-dashed
curve), the observed ratio is reached only for very low excitation temperatures. However,
this optically thin CO scenario can be ruled out because both the 2CO to 3CO ratios
and the low-J 2CO line ratios in the SPT sample imply that CO is moderately optically
thick with 7con-0)= 1 — 10 (Spilker et al., 2014}, similar to what is seen in our own galaxy
(Penzias et al| |1972; |Goldreich & Kwanl|, [1974). Scenario iii, where the [CII] and CO(1-0)
optical depths are in the same regime is thus the only one that can fit the observed ratios,
but only for excitation temperatures 2 180 K. While we cannot distinguish mathematically
between low and high optical depth, the known 7¢o(1-0)= 1 — 10 and the equality of both
the excitation temperatures and opacities would imply that also [CII] would need to be
(nearly or fully) optically thick.
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Figure 2.10: Tex,co(1-0) as a function of Toy c17)- In all cases, the excitation temperature of [CII] is higher than for
CO(1-0). The blue dashed curve with the light grey shaded area shows the observed Liciy/Lco(i-0) = 5200 & 1800 range of
SPT DSFGs in the case of equal [CII] and CO optical depths. The red continuous curve and hashed area illustrates that the
difference between the excitation temperatures becomes even more significant for 7icij=1 and 7¢o(1-0)=4. The dot-dashed
curve and the dark grey shaded area illustrate the case of Tjci= 0.1 and 7co(1-0)= 1. The hatched horizontal area marks

Tex’co(l,o): 35 :l: 10 K

The only way the above scenario 44 can fit the observed Liciy/Lco-o) ratio is in a
thermalised region where both [CII] and CO(1-0) have excitation temperatures 2> 180 K
(see Fig. 2.9). However, the average CO excitation temperatures in the SPT sample are
< 50K (Spilker et all [2014]), well below the values required to fit the observed ratio
(Fig. [2.9). The only way to reconcile the model in equation (2) with the known physical
parameters of the CO (7co-0)> 1 and T co S 50K) is to allow for different excitation
temperatures of [CII] and CO. Such different excitation temperatures also imply different
[CIT] and CO emitting regions within the GMCs.

Different [CII] and CO excitation temperatures

To examine the model from equation (2) with different excitation temperatures, we have
to fix the observed Licy / Lco(i-0) ratio and at least two parameters (two optical depths or
an optical depths and a temperature). We first consider the case when 7jcr = 7coq-0), and
plot Tix coi-0) as a function of Ty (cry in Figure (blue dashed line with grey shaded
area illustrating the observed Liciy / Lcoqa o range). We conclude that Tox jory > Tex,co-0)
throughout. In the optically thick case, we can also allow for 1 < 7icm < 7co(i-0)- The red
curve in Figure illustrates this for 7con-0y=4. Any further increase of the difference
between Ticry and Too( ), Will also increase the difference in Te,. We warn that once
both the [CII] and CO become strongly optically thick (i.e. 1 < 7o < Teoq-o)), one
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can no longer determine any differences between the optical depths, and hence no longer
determine Toy jcry)-

Alternatively, we can also fix the CO opacity and excitation temperature based on
existing observations of the SPT DSFG sample, and determine which Tty [cry values are
predicted for a given 7icry. Assuming the molecular gas is traced by CO(1-0) and the
dust is thermalised allows us to fix the Tox coa-o0) = Ta ~ 35K (Weil et al., [2013)). This
value is consistent with the Tj;, determined from the stacked ALMA spectrum of the SPT
sample (Spilker et al., 2014). This Tex coa-0) =35 K case is illustrated in Figure . If
Tlct = Tco(1-0), this would imply Tey oy ~ 60 — 90 K. Raising 7co(10) = 4 while keeping
Ticry = 1 would imply Tiy (e ~ 80 — 110 K. The observed Ly / Lco(10) ratios can also
be reproduced with optically thin [CII] and (nearly) optically thick CO (rciy = 0.1 and
Tco(1-0) = 1) when the [CII] excitation temperatures are ~ 240 —330 K. A determination of
Tex,jcy 1s therefore needed to determine 7cry. If the gas densities are higher than the critical
density for [CII] (2400 — 6100 cm™ for the above range of Tey jcry; (Goldsmith et al., 2012),
Tox,jcm~ T'(gas). The gas temperatures can be obtained from observed [CII]/[O]] ratios
(e.g. Stacey et al., [1983; |Lord et al., 1996 Brauher et al. |2008), inferred through the peak
[CII] antenna temperatures (e.g. (Graf et al., 2012; Ossenkopf et al [2013)), or by theoretical
modelling (e.g. Kaufman et al., [1999). These studies obtain T'(gas) = 100 — 500 K, which
from Fig. would imply [CII] optical depths ranging from 0.1 to 1. However, the
densities we derive from a comparison with PDR models (see are in the range
100 — 10° (Table 2.2), with half of our sources below the [CII] critical density, so the
Tox e~ T(gas) may not be valid for a significant part of our sample. Hence, optical
depths of 0.1 < 7 < 1 are consistent with the observed line ratios in the SPT DSFG
sample.

We also compare the model predictions in Figure [2.11| with the low- and high-z com-
parison samples. The lower average Licr / Lco-o) ratios in these samples (though with a,
much larger spread than for the SPT DSFGs) imply T cry between ~ 30 and ~ 200 K.
In particular for the low-z sample, optically thick [CII] and CO emission would imply very
low Tex iy ~ 40K, well below the ground state energy. The difference between the SPT
DSFG and the low-z comparison sample could therefore be ascribed to a lower optical
depths in the nearby sources. In the context of PDR models, this can also be understood
as a decrease of the Gy/n ratio. Reducing this parameter implies smaller [CII] emitting
columns and a smaller effective optical depth. The lower Gg/n ratio in the low-z sample
could be an effect of the lower far-UV fields found in galaxies forming stars at a more
modest rate (Stacey et al., [1991a; (1993; Kaufman et al., [1999).

Finally, we note that Figure also contains some low-z sources with L[CH]/ Lco(i-o)
ratios >15,000. Such values are difficult to explain with standard PDR models. Low
metallicity has been invoked to explain these sources (e.g. [Maloney & Black, [1988; Stacey
et al., [1991a; Madden et al., [1997)). Considering this effect is beyond the scope of this
paper.

In summary, the observed Licij/Lcoq-o) ratios in the SPT DSFGs are best described
by a non-uniform medium of [CII] and CO(1-0) emitting gas with Tex jci> Tex,co-o):
Tco-0) > 1 and ey S 1



2.5 Discussion 59

T
1 05 = Texcop-0) = 35K -
F -rermr Tion = 0.1, Toogr.0 = 1 - -
TT T T Yo = Teopo) "
L Ton =1, Teopo) = 4 P -
S 4
= 107 e
(@] F ,a" 1
O r R
_J L
= L
g |
— 3
10° & E
5 .
10°E Vi ’7 ) . . 3
10 100

Tex,[CII] (K]

Figure 2.11: The Licm/Lco(i-o) ratio as a function of the [CII] excitation temperature for a fixed Tey,co(1-0)=35K.
The observed Lici/Lco(i-oy ratio in the SPT DSFG sources (grey shaded area) is achieved within Ty (1) ~ 60 — 90K
for equal [CII] and CO optical depth (blue curve). In the case of Ticij = 1 and 7co(1-0) = 4, the Lici/Lco(i-o) ratio is
achieved for Tey [c11) = 85 — 110 K. The optically thin 7(cry) = 0.1 and nearly optically thick 7co(1-0) = 1 case is reached by
[CII] excitation temperatures in the range ~ 240 — 330 K (black dot-dashed curve).

2.5.2 Implications of different [CiI] and CO(1-0) excitation tem-
peratures

In section we concluded that a homogeneous region with thermalised CO and [CII] gas
is incompatible with the observed Lici/Lco(i-o) ratios. Even in the optically thick case,
the only way to reproduce the observed ratio is for higher [CII] than CO(1-0) excitation
temperatures (see Figure[2.10]). The cases of uniform and separated [CII] and CO gas was
recently studied by Mashian et al. (2013). They explore four different models to explain the
observations in the high-z submillimetre source HDF 850.1: 1) separate CO - [CI]] virialised
gas, 2) separate CO - [CII] unvirialised gas, 3) uniformly mixed CO - [CII] virialised gas
and 4) uniformly mixed CO - [CII] unvirialised gas. Based on cosmological constraints
due to the dark matter halo abundance in the standard A cold dark matter cosmology,
they rule out three of the models and conclude that the preferred model is an unvirialised
molecular cloud model with independent CO and [CII| emitting gas with a average kinetic
temperature of 100 K and density of 103 cm™3 for the molecular gas. Both our conclusions
and those of Mashian et al.| (2013) are completely consistent with the structure described
by PDR models.

PDRs are clouds of molecular gas associated with star-forming regions, as they are
often found near young massive O and B stars, acting as the source of the FUV photons
that determine the temperature and chemical composition of the gas (Meijerink et al.
2007). Schematically, in a PDR the increasing extinction (Ay) with depth into the cloud
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creates a layer-structure, where the surface of the cloud with Ay ~ 1 is dominated by H*,
CT and O1. As the gas becomes more self-shielded against the dissociating FUV photons
deeper in (Ay ~ 2 —4), layers of HI and Hy form and a transition region of C*, C and CO
is present. At the centre of the cloud, the molecular gas is so opaque that the chemistry
and heating are dominated by cosmic rays. Hence, the [CII] fine structure line probes the
surface of a PDR where Ay < 1 and 7" 2 100K, while CO traces the core of the cloud.
To derive detailed physical parameters from the PDR models therefore requires spatially
resolved observations of different species such as C, C*, CO, O, H,, polycyclic aromatic
hydrocarbons and dust continuum emission (e.g. Hollenbach & Tielens| |1999; [Orr et al.

2014).

Implications of the photodissociation region structure

The structure of the gas in PDRs allows for different [CII] and CO(1-0) excitation temper-
atures. The physical parameters for the ISM in low- and high-z galaxies predicted by basic
PDR models can be compared with observed data in a diagnostic diagram (Figure
first presented by Wolfire et al.[ (1989) and updated by e.g. [Stacey et al.| (1991a},|2010) and
Hailey-Dunsheath et al.| (2010). The diagram has the advantage of plotting ratios where
the lensing magnification factors for high-z sources, beam-filling factors for low-z sources
and filling factors for the PDRs (which are unknown, but assumed the same for [CII] and
CO(1-0)) are divided out. It can be used to roughly estimate the strength of the FUV
field and the gas density. One has to be cautious using this diagram, as the FIR luminosity
can contain strong contributions from other sources not associated with PDRs (e.g. AGN
tori).

The SPT sample is ideal in this respect as [CII] has been measured for 17 out of 20,
and low-J CO for 11 (see Table of these sources, so the CO luminosities for our
sources (unlike the comparison samples) do not depend on uncertain scaling factors. The
SPT sample is the most complete high-z sample included in this diagram. The comparison
sample is also integrated over entire galaxies enabling a fair comparison to the SPT sample.

The PDR model used in this diagram (Kaufman et al., |1999) models a plane-parallel
slab divided into a number of zones of different depths. The intensities are modeled for a
parameter space of the FUV field strength (Gy) in units of the local Galactic interstellar
radiation field (the ‘Habing Field’, 1.6 x 1073 ergs cm3s™!; [Kaufman et al.[1999) in the
range 107%% < Gy < 10%5 and the gas densities in the range 10cm™2< n < 107 cm 3. The
emission from different species depends on the density, the field strength and the depth
into the cloud. Hailey-Dunsheath et al.| (2010) assume that 70% of the [CII] emission
originates from PDRs (see also § , meaning that the points would move slightly down
in Figure if this was corrected for.

By comparing the SPT data points with the PDR model tracks in Figure [2.12 we ob-
tain a rough estimate of the radiation field strength and the gas density of 100 < Gy < 8000
and 10?cm™ < n < 10°cm™? (see Table 2.2)). These values are consistent with the ones
found in previous samples of DSFGs (e.g. Stacey et al., 2010). They imply PDR surface
temperatures of 300 — 500 K (Fig. 2 of Kaufman et al., [1999)). As these surface temper-
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(e.g. [Wolfire et al., |1989; |Stacey et al., 2010) compares the values of the strength of the radiation field Go and the density n

for low and high-z sources. The diagram is independent of lensing magnification factors for high-z source and beam filling

factors for low-z sources as both the [CII] and CO(1-0) emission is normalised by the FIR luminosity. The typical error bar

is represented by the black cross. To compare the observations with the model contours [Stacey et al.| (2010) assume that

70% of the [CII] emission originate from PDRs. The grey shaded area represents the 1o spread of the Licirj/Lco(1-0) ratio

in the SPT sample.
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atures are representative for regions up to Ay ~ 2, they cover most of the [CII] emitting
region. They are consistent with other derivations of the gas temperatures (see §. If
the densitity exceeds the [CII| critical density, these temperatures also represent Ty cry,
which would imply optically thin [CII] (Fig. 2.11). However, in half of our sources, the
densities are below the critical densities, so a range of opacities up to unity remains possible.

Sizes of PDRs

Comparing the Lgg/p for the SPT sourceﬂ, which lie in the range (1.1 — 21.9)u~! x
10" L, with the local starburst galaxy M82 (Lpr~ (2.3 —3.2) x 10 L, [Rice et al./|1988
and |Colbert et al. [1999) show the significant difference in Lgg at high and low redshifts.
Using this comparison and estimates of GG for each SPT DSFG, we estimate approximate
sizes of the PDRs populating the galaxies, following Stacey et al.| (2010)). For this, we
assume the molecular clouds are randomly mixed with young stellar clusters, acting as
the radiation sources, within the galaxy (Wolfire et al., |1990)). Assuming this structure,
the relationship between the average Gy, the total size of the PDRs (D, diameter) and
the total luminosity (Lpir) of the source is given by Gy oc ALpr/D? (Stacey et al., [2010)
for a short mean free path (\) and Gy oc Lyr/D? for large mean free path of the FUV
photons (see Wolfire et al., [1990). To estimate the approximate sizes, we read off G and
Lgir for the SPT DSFGs from Figure [2.12] and scale these with the values obtained for
M82 (Go ~ 1000 [Lord et al.|[1996], Lrr~ 2.8 x 100 Ly, average of the values determined
by Rice et al.|[1988 and |Colbert et al. [1999), assuming the same mean free path for the
SPT sources and M82. The exact size of the PDR region in M82 is rather uncertain with
reported sizes ranging from 300 pc (Joy et al., [1987) to 600 pc (Carlstrom & Kronberg
1991)). For consistency with Stacey et al| (2010)), we will assume D ~ 300pc. We warn
that differential lensing (if significant, see § could affect the positions of the sources
in Figure leading to different estimations of G and therewith the sizes. The radii we
estimate are listed in Table 2.2 along with our estimated Gy and n. An estimate of the
source radii from lens modelling is available for four sources in Table 2.2 The estimated
radii of the PDRs, while fairly uncertain, are comparable to the source sizes determined
by the lens models.

A rough estimate of the size ranges occupied by the molecular gas is given in Ta-
ble as well. These sizes are estimated using the molecular gas mass estimated from
L'CO(H]). Using low and high CO-to-Hs conversion factors often used in the literature of
aco = 0.8 Mg (Kkm/spc?)™! (see section [2.4.2] [Downes & Solomon! (1998)) and aco =
2M;, (Kkm/spc™2)~! (e.g. [Swinbank et al.|[2011), we estimate sizes of the molecular gas
regions making the simplistic assumption that the gas is uniformly distributed in a sphere
with radius R and density n as listed in Table 2.2 The sizes estimated using this method
are quite uncertain as we do not take into account non-uniform density profiles or non-
unity volume filling factors of the gas. They are roughly consistent with both the sizes
obtained from the PDR model, and the more accurate sizes derived from the lens models.
We note that these kpc-scales are close to the typical sizes of host galaxies, and could be

HSee i for a discussion on the lensing magnification factor p in our sample.
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Source Gy n R(PDR) Riz(lens model) R(Lgoq ) I

cm ™3 kpc kpc kpc
SPT0113-46 103 10° 0.6—-1.1 — 0.85 —1.16 —
SPT0345-47 10 5x 10" 0.4-0.7 — 0.39 — 0.52 —
SPT0346-52 8 x 10? 109 0.7—1.5 0.59 + 0.03 0.18—0.24 5.440.2
SPT0243-49 5 x 103 103 0.4—-0.6 — 0.85 —1.15 —
SPT0418-47 103 100 0.7—1.5 1.07+£0.17 2.26 —3.07  21.0£3.5
SPT0441-46 8 x 103 10 0.3—-0.5 — 0.36 — 0.49 —
SPT2103-60 103 100  0.7—14 — 1.69 — 2.30 —
SPT2146-55 5 x 10? 10* 0.5—-0.8 — 0.42 — 0.56 —
SPT2147-50 5 x 10? 10* 0.4—0.6 — 0.33 — 0.45 —
SPT0551-50 102 100 1.0—-2.6 — 1.40 — 1.89 —T
SPT0538-50 102 100 1.7—-5.9 1.07£0.25 246 —3.34 209442

Table 2.2: The first column contains the names of the sources for which both [CII] and low-J CO lines have been detected.

The second and third columns list G and n for the sources determined from the PDR models in Figure [2.12] Note that

especially n can be very uncertain as the models are very degenerate in this part of the diagram. Column four gives the size

range determined using the short and long mean free path assumed by Stacey et al. (2010). The fifth column lists the radii

for the sources which have lens models (Hezaveh et al. 2013), and the sixth column gives the range in sizes of the molecular

gas estimated from the molecular gas mass range given by aco = (0.8 — 2) Mg (Kkm/spc?)~!. The last column lists the

lensing magnification factor from [Hezaveh et al.| (2013); SPT0529-54 is not included in this table as low-J CO lines have not
been observed for this source. The sources marked with f, we have assumed a mean of (u) = 14.1 (see §2.3.2)).
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easily spatially resolved, especially given the lensing magnification, allowing detailed future
studies of their spatial distributions.

Other contributions to the [CII] emission

The [CII] emission integrated over an entire galaxy will contain contributions from regions
with different physical conditions such as XDRs, CRDRs, shock dominated regions, diffuse
warm gas, HII regions, and PDRs. Above, we have assumed that observed [CII| emission
in the SPT DSFGs is dominated by emission from PDRs on molecular cloud surfaces (e.g.
Stutzki et al., 1988} [Stacey et al., [1993). We now consider the possible contributions from
the alternative [CII| emitting regions in increasing order of importance.

In the vicinity of an AGN, supplying X-ray radiation, we expect XDRs. X-ray pho-
tons penetrate deeper into the volume of the interstellar clouds than the FUV photons in
PDRs as the absorption cross sections are smaller for X-ray energies. As argued in §
and the SPT sample does not show evidence for strong AGN activity, and XDR
contributions are therefore expected to be negligible.

In CRDRs, the gas heating and chemistry are controlled through interactions with high-
energy particles. As the energy density in cosmic rays is low compared to photons, CRDRs
are thought to trace the dense, innermost regions of giant molecular clouds (GMCs), rather
than the outer surfaces where [CII| emission is assumed to be more prevalent (Viti et al.
2013). We therefore assume the CRDR contribution to be negligible.

Turbulence and shocks have been suggested by |Appleton et al.|(2013)) to be an additional
source of [CII] emission. They suggest that this mechanism should be present in highly
turbulent conditions such as colliding galaxies and the early stages of galaxy-disc build
up. However, for low turbulent velocities, it becomes difficult to distinguish between this
mechanism and low-density PDRs. The extreme Lo/ Ly ratios Appleton et al. (2013)
found for the intergalactic filament in Stephan’s Quintet are ~ 30x higher than those
observed in the SPT sample. Smaller shock-ionised regions may still contribute significantly
to the observed [CII] emission. However, it would be difficult to explain the relatively
narrow spread in the observed [CII] to CO ratio if a range of such shock-ionised regions
would be a frequent occurence in our SPT sources. We therefore do not expect this
mechanism to be important in our samples.

The [CII] emission could also originate from the diffuse warm low density medium in
between the GMCs. Spatially resolved [CII] and CO observations are required to differen-
tiate between the PDR and diffuse components. Observations of another lensed DSFGs,
HLSJ091828.6+-514223 at z = 5.243 (Rawle et al., 2014), do show that the [CII] and CO(1-
0) have a consistent structure and velocity profile, though the resolution may not go down
to the scales of the GMCs (a few hundred pc). Observations of [CII] and CO at spatial
resolutions of ~50 mas are required to constrain this diffuse component in our DFSGs.

HII regions surround young O and B stars which emit Lyman continuum photons with
energies exceeding the ionisation energy of hydrogren (13.6eV). |Abel (2006) explore the
contribution of [CII] emission from HII regions for a wide range in temperature, ionisation
parameter (U) and electron density, and find that at least 10%, and sometimes up to
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50-60% of the total [CII] emission comes from within the HII regions. Observations of
other fine structure lines that only trace HII regions are required to determine the exact
contribution from HII regions. |Oberst et al| (2006, 2011)) used the observed [CII]/[Nuj]
205 um ratio in the Carina nebula to constrain the contribution from HII regions to 30%.
This technique has since also been applied to high redshift objects (Ferkinhoff et al., 2011}
Decarli et al., 2014).

2.5.3 The [C11]/FIR luminosity deficit

Several studies have reported a ‘deficit’ in the ratio of the [CII] line strength to the FIR
luminosity ratio (Ljcry/Lemr) for LIRGs with Lpg 2 10 Lg, (e.g. Malhotra et al.||[1997,
Luhman et al.| 1998, Maiolino et al.|[2009; Stacey et al. 2010; |Gracia-Carpio et al. 2011}
Sargsyan et al.|2012)). Various physical explanations for this trend have been proposed, in-
cluding an increased ionisation parameter (Malhotra et al., 2001; Abel et al., 2009; Gracia-
Carpio et al| 2011)), collisional de-excitation of [CII] (Appleton et al.; [2013) and non-PDR
contributions to the FIR luminosity (Luhman et al., 2003), possibly from AGN (Sargsyan
et al., 2012).

Stacey et al.| (2010) argued that the lower [CII]/FIR ratio can be explained by the fact
that the star-formation in local ULIRGs is confined and vigorous (leading to high Gy), while
in the most distant objects, the star-formation is very large-scale, but of lower intensity
(i.e. lower Gp). In PDR models, the [CII]/FIR ratio is inversely proportional with Go.
Contrary to the FIR luminosity, which scales linearly with G, the [CII] luminosity increases
only slowly with Gy. This is because in the observed density regime, the C* column
density scales only with dust extinction, while the emissivity is only weakly dependent on
Gy since the gas temperature is above the excitation potential of 92 K. This leads to a
“saturation effect” of the [CII] emission at high luminosity in nearby ULIRGs, while the
FIR remains unsaturated. This is consistent with a recent study by Diaz-Santos et al.
(2014)) exploring the difference in the [CII|/FIR luminosity deficit between the extended
and compact (nuclei) regions in nearby LIRGs, revealing a larger deficit in the [CII]/FIR
luminosity ratio for the compact regions than for the extended regions. The ‘deficit’ is
mostly confined to the innermost compact regions, while [CII] to FIR luminosity ratio for
the extended regions is similar to that found in the extended disks of normal star-forming
galaxies.

A similar saturation effect would also occur when the [CII] line becomes (nearly) opti-
cally thick. The line then reaches its maximum brightness, in the sense that any additional
incoming ionising photons will not increase the brightness of the line further. However the
cooling of these additional ionising photons may still continue through optically thin pro-
cesses, notably the dust continuum. An alternative or additional way of decreasing the
[CII] to FIR luminosity ratio is therefore to have optically thick [CII] and optically thin dust
continuum emission. The higher density in the more compact regions may then increase
the probability of the [CII] to become optically thick.

Finally we note that the [CII] to FIR ‘deficit’ at high luminosities is also reported for
other fine structure lines such as [O1], [Om], [Nu] and [N, indicating that this ‘deficit’
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is a general aspect of all FIR fine structure lines, regardless of their origin in the ionised
or neutral phase of the interstellar medium (e.g. (Gracia-Carpio et al., 2011; |[Farrah et al.
2013).

2.6 Conclusions

We have presented the first uniformly selected [CII] survey of lensed DSFGs covering the
redshift range z = 2.1 — 5.7. We have detected [CII] for 17 out of 20 sources, 11 of which
are also observed and detected in low-J CO lines. This sample facilitates statistical studies
of the ISM at high redshift. Our main results and conclusions are:

1. We fit single or double Gaussian functions to the CO and [CII] velocity profiles, and
find consistent velocity profiles in 13 out of 14 CO detections with ALMA. This suggest
that differential lensing is not significant in these cases, and is consistent with the idea
that the [CII] and CO(1-0) emitting gas are spatially associated.

2. The line luminosity ratio of the [CII] and CO(1-0) detections for the SPT sources
is ~ 5200 + 1800, which agrees with the first reported ratio by (Crawford et al.| (1985).
The values derived from the SPT sample are consistent with both low-z and high-z com-
parison samples, but with significantly smaller dispersion. This is presumably due to the
homogeneity of the SPT selection and followup observations and absence of any known
AGN-dominated sources, which have lower [CII] to CO(1-0) ratios.

3. The SPT sample covers the same spread in the Licnj/Lrir ratio as the Lpg 2 10 L
sources in both our low-z and high-z comparison samples. AGN-dominated sources in-
crease the scatter towards lower Lici/Lyr ratios in the comparison sample.

4. We investigate the origin of the [CII] emission using the observed Ljcuj/Lco-o) ra-
tio, and conclude that the observed ratio is best described by a medium of [CII] and
CO(1-0) emitting gas with Tex e > Tex,co(1-0), optically thick CO (7co@-0) > 1), and
low to moderate [CII] optical depth (7jcip < 1). The structure of PDRs allows for such
different excitation temperatures of the [CII] and CO(1-0) emitting gas. Interestingly the
PDR models converge to this [CII] to CO(1-0) ratio for densities below 10% cm™3.

5. We revisit the Lcy /Lpr ‘deficit’ observed for sources with Lpr = 10* Ly, which
has been explained as a “saturation effect” of the [CII] emission in compact regions with
higher G factors. An alternative or additional explanation for this saturation effect is
(nearly) optically thick [CII] emission. In this case the [CII] line becomes saturated and
reaches the maximum [CII| brightness, while cooling via the FIR continuum emission con-
tinues. The variation in the L[cu}/ Lpir ratio is therefore dominated by the variation in
Lypr rather than Licqy.
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6. We determine the FIR luminosity for both the SPT sample and the comparison
low and high-z sample in a consistent way, adding 11 SPT DSFGs to the Licuj/Lrir
vs Lcoa-o)/Lemr plot in Figure . We compare the SPT sample with PDR mod-
els and estimate the radiation field strength and average gas density to be in the range
100 < Gy < 8000 and 102cm ™ < n < 10° cm™3.

The reliability of [CII] as a tracer of star formation rate (SFR) has been explored by
e.g. De Looze et al.| (2014). They show that [CII] is a good tracer for the SFR except
for low metallicity sources. Determining the metallicity using other fine structure lines
such as [Nu], [On] and [Omi], and the contribution to the [CII] emission from HII regions
(Croxall et al., [2012) are therefore key in finding the most reliable tracer of SFR in nearby
and distant galaxies. Thus far, all high-z fine structure line measurements have been unre-
solved, but thanks to lens shear of gravitationally lensed sources it will become possible to
resolve structures down to 100 pc scales (Swinbank et al., |2010)). Hence, for PDRs of the
sizes estimated here, future observations with ALMA will be able to spatially resolve [CI]]
emission and other fine structure lines and provide new insight into how [CII] emission
traces gas.
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Short name Source R.A. Dec.
J2000

SPT2311-54 SPT-S J231124-5450.5 23:11:23.94 -54:50:30.0

SPT2319-55 SPT-S J231922-5557.9 23:19:21.67 -55:57:57.8

Table 2.3: Source names are based on positions measured with the SPT (Mocanu et al. 2013). Source positions are
based on the ALMA 3 mm continuum data.

Appendix
2.7 New redshifts

All but two sources observed in [CII] were published by Weifl et al| (2013), where the
full source names are listed. The two new sources were selected from the list of [Mocanu
et al| (2013)), and observed as part of our ongoing ALMA Cycle 1 project to determine
redshifts of additional SPT DSFGs. Table 2.3 lists their full names and ALMA band 3
continuum positions. The redshift of SPT2319-55 is based on detections of CO(5-4) and
CO(6-5), while the redshift of SPT2311-54 is based on CO(5-4) confirmed by our APEX

[CI1] detection (Figure [2.1).

2.8 High-z comparison galaxies

Table 2.4 lists the high-z comparison sample.
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Abstract

We present a pilot study of the z = 2.923 radio galaxy MRC0943-242, where we for the
first time combine information from ALMA and MUSE data cubes. Even with modest
integration times, we disentangle an AGN and a starburst dominated set of components.
These data reveal a highly complex morphology, as the AGN, starburst, and molecular gas
components show up as widely separated sources in dust continuum, optical continuum
and CO line emission observations. CO(1-0) and CO(8-7) line emission suggest that there
is a molecular gas reservoir offset from both the dust and the optical continuum that is
located ~90 kpc from the AGN. The UV line emission has a complex structure in emission
and absorption. The line emission is mostly due to i) a large scale ionisation cone energised
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by the AGN, ii) a Lya emitting bridge of gas between the radio galaxy and a heavily star-
forming set of components. Strangely, the ionisation cone has no Lya emission. We find
this is due to an optically thick layer of neutral gas with unity covering fraction spread out
over a region of at least ~ 100 kpc from the AGN. Other, less thick absorption components
are associated with Lya emitting gas within a few tens of kpc from the radio galaxy and
are connected by a bridge of emission. We speculate that this linear structure of dust, Ly«
and CO emission, and the redshifted absorption seen in the circum-nuclear region may
represent an accretion flow feeding gas into this massive AGN host galaxy.

3.1 Introduction

Powerful high-z radio galaxies (HzRGs), defined as having Lz g, > 10° WHz ! and z > 1,
are unique markers of the most active galaxies in the early Universe, showing signatures
of both luminous AGN activity and vigorous starbursts. HzRGs are extremely luminous
in both the mid-IR (Ogle et al., 2006} |[Seymour et al., 2007; |De Breuck et al., 2010) and
the sub-mm waveband (Archibald et al., [2001; Reuland et al., |2004; Drouart et al., [2014)).
This has been interpreted as evidence of high black hole accretion rates, combined with
high star-formation rates (SFRs). HzRGs are some of the most massive galaxies known at
any redshift, with M > 10" Mg, of stars (Seymour et al., 2007; De Breuck et al., [2010)),
confirming prior indications of their large masses from the tight correlation of the observed
near-IR, Hubble K-z diagram for these sources (Lilly & Longair, |1984; Eales et al.| (1997}
De Breuck et al.l |2002). In order to be so luminous, the black holes in these galaxies must
be massive. Given that stellar bulge mass correlates with black hole mass (e.g. [Tremaine
et al., 2002)), it is therefore no surprise that the most powerful radio galaxies reside in the
most massive stellar hosts.

Disentangling the AGN and starburst components requires excellent sampling of the
spectral energy distribution (SED). Seymour et al. (2012)) illustrate the decomposition
of the starburst and AGN components using 3.5 — 850 um photometry in the z = 2.16
radio galaxy, PKS 1138-262, showing that both have roughly equal contributions to the IR
luminosity. Disentangling the SED of HzRG is the main goal of our HErschel Radio Galaxy
Evolution (HERGE) project (Drouart et al., 2014). The 71 HzRG targeted in the HERGE
project are uniformly distributed across 1.0 < z < 5.2 with a range of radio powers. Spitzer,
Herschel, SCUBA and LABOCA data suggest that the sources targeted in the HERGE
project have very high far-IR (FIR) luminosities (~ 10 L), Drouart et al2014), but the
data do not have high enough spatial resolution to pinpoint the AGN host galaxies as the
source of the FIR emission. Resolution is important, as spectral decomposition alone is
probably insufficient to understand the evolutionary state of HzRGs.

Previous single sources studies of HzRGs have revealed that these systems have highly
complicated morphologies, e.g. with line emission separated from the continuum emission.
In several systems (e.g. 4C41.17 and 4C60.07, TXS0828+193, and B3 J2330+3927), most
of the gas and dust emission originates from the companion rather than the AGN host
galaxy, while others (e.g. MRCO0114-211, MRC0156-252, and MRC2048-272) show no
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evidence for a companion (De Breuck et al.; 2003| 2005} |Ivison et al.| [2008, 2012; Nesvadba
et al, 2009; [Emonts et al., [2014). These observations confirm that spectral decomposition
alone is insufficient to understand the evolutionary state of HzRGs, sufficiently high spatial
resolution to separate out individual emission components is also crucial.

The sub-arcsecond spatial resolution of ALMA will undoubtedly reveal a much more
complex composition of AGN and starburst dominated sources than previously thought.
To illustrate this point, we conducted a pilot study of MRC0943-242 at z = 2.9, where
we combine - for the first time - sensitive ALMA 235 GHz and VLT /MUSE observations.
This combination allows us to trace the spatially-resolved distributions of the ionisation
state of the warm ionised medium (T~10*K) through the UV emission and absorption
lines (e.g. CIV), the warm neutral gas (T~ few x10° K) through Ly« absorption, and the
dense molecular gas as probed by the high-J CO transitions. Through this combination
it is possible to get a comprehensive picture of several important phases of gas in the
interstellar medium and haloes of HzRGs.

MRC0943-242 is an ultra steep spectrum radio source with a spectral index of & = —1.5
between 1.4 — 30 GHz and shows no evidence of a spectral curvature within this range
(Carilli et al.| [1997; |Emonts et al., 2011). MRC0943-242 is located in a proto-cluster
(with an over density of almost 50; [Wylezalek et al., 2013) surrounded by many nearby
companions detected in Lya with known redshifts (Venemans et al. 2007) and a giant
quiescent Lya halo with a diameter of > 100 kpc - extending far beyond the radio structure
(Villar-Martin et al., 2003)). A deep absorption trough in the Ly« emission line suggests
the presence of a large amount of neutral gas (Rottgering et al., |1995). Based on a 1.5 A-
resolution spectrum Rottgering et al.| (1995) conclude that the saturated absorption trough
is due to a reservoir of neutral hydrogen (HI) situated within the HzRG itself. They
determine a HI column density of Ng; = 10 cm™2 in the absorber. Using the same
observational set-up, [Binette et al. (2000) determine a HI column density similar to that
of Réttgering et al| (1995) and a CIV column density of Nopy = 10145591 em =2, However
based on Voigt-profile fittings to the absorption troughs in both the Lya and CIV emission
lines |Binette et al. (2000) conclude that the reservoir of gas causing the absorption features
is not situated within the HzRG, but rather due to a low metallicity (Z = 0.01Zg), low
density gas in the outer halo at a redshift of z = 2.29202 + 0.0002. They propose that this
gas is a remnant of gas expelled from the HzRG during the initial starburst. Though such a
starburst is expected to enrich the expelled gas more than what is observed for MRC0943-
242, Jarvis et al| (2003)) still favoured this scenario. Based on numerical simulations by
Bekkil (1998)), which predict that the outer regions of galactic halos should be less metal-
rich, |Jarvis et al. (2003), as Binette et al.[2000} favoured a picture where the shell lies in the
halo to explain its low metallicity. Furthermore, by comparing MRC0943-242 with another
H2zRG (MRC0200+015), they argue that the age of the system can have an influence on
the metallicity of the shells. They conclude that the metallicities of absorption shells
surrounding HzRG vary from galaxy to galaxy and from shell to shell. This implies that
the shells must be enriched by a variety of processes. With UVES data with a spectral
resolution of 25000-40000 |Jarvis et al.| (2003) identified three additional weaker absorbing
components of different HI column densities.
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In this paper, we present a study of MRC0943-242, where we for the first time combine
relatively short ALMA sub-millimetre (submm) observations with MUSE optical obser-
vations. This ALMA-MUSE-pilot study reveals an even more complex morphology of
MRC0943-242 than previously seen with star-formation taking place far outside the AGN
host galaxy. In § we present our ALMA submm and MUSE optical observations. The
results of these observations are given in § and are analysed and discussed in §[3.4] In
§ [3.5] we speculate as to the origin and role of the substructures and in § [£.5] we summarise
our conclusion.

3.2 Observations

3.2.1 ALMA observations

The Atacama Large Milimeter /submilimeter Array (ALMA) cycle 1 observations in Band
6 were carried out on 2014 April 29 for 3 min on-source time with 36 working antennas.
The four 1.875 GHz spectral windows were tuned to cover the frequency ranges 233.6 —
237.1 GHz and 248.6 — 252.3 GHz. We used the Common Astronomy Software Applications
(CASA) and the supplied calibration script to calibrate the data, produce the data cube
and moment 0 maps. The average Ty, was ~ 80K and the average precipitable water
vapour 1.3mm. The quasar J1037-2934 was used as bandpass calibrator and results in
an astrometric accuracy of 4mas. The UV coverage was sparse, but uniform over ~
400kA. In order to search for CO(8-7) line emission at vy = 921.80 GHz, which is
within the frequency range at z = 2.923, we subtracted the continuum in the UV-plane by
fitting a first-order polynomial to all four spectral windows, as no strong line emission is
contaminating the continuum. As our data are limited by the signal-to-noise ratio (S/N),
we use a natural weighting (robust parameter of 2). This results in a 077 x (/6 beam with
pa = 75° and an RMS of 0.1 mJy for the continuum. We binned the line data to 10km/s
which has an RMS of 1.7mJy. As objects are detected up to 12” from the phase centre,
we applied a primary beam correction on all our maps and spectra.

3.2.2 MUSE observations

Multi Unit Spectroscopic Explorer (MUSE) (Bacon et al. 2010) observations were obtained
on 2014 February 21, during the first commissioning run of the instrument (see Bacon et al.|
2014)) on VLT /UT4. This one hour observation taken under ~ 1” seeing was split into three
20 min exposures taken at 45, 135 and 225 degree position angle with a small dithering
offset to minimise the effect of systematics. In order to observe the Lya line of MRC0943-
242 at 476.5 nm, we used the extended wavelength range mode (i.e. without second order
blocking filter), resulting in a observed wavelength range of 460-935nm). These data were
taken specifically to compare MUSE observations with previous observations with other
instruments of this well-studied source. Thus it serves as a pilot study for using MUSE
to study HzRGs. All data were processed with the version 1.0 of the MUSE pipeline
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(Weilbacher et al., 2012)) to produce a fully calibrated and sky subtracted data cube.
Finally, the cube was cleaned for sky subtraction residuals with the Principal Component
Analysis (PCA) based algorithm ZAP developed by Soto et al (in prep.). To analyze the
line emission and to remove a few artefacts in the data, we continuum subtracted the cubes
around specific emission lines such as Lya.

3.2.3 Previous supporting Spitzer observations

MRC0943-242 was observed among 68 other HzRG in the redshift range 1 < 2 < 5.2 in a
large Spitzer survey (Seymour et al., [2007). MRC0943-242 was observed with the Infrared
Array Camera (IRAC), the Infrared Spectrograph (IRS) and the Multiband Imaging Pho-
tometer (MIPS) on Spitzer, which cover the wavelengths 3.6 ym, 4.5 ym, 5.8 ym, 8.0 um,
16 pm, 24 pm, 70 pm and 160 um (see |Seymour et al.|[2007| for details on the observa-
tions and reductions). At 3.6 and 4.5 ym, we use the deeper IRAC observations (Fig.
obtained as part of the Clusters Around Radio Loud AGN project (CARLA; Wylezalek
et al., 2013).The IRAC and MIPS observations reveal that the continuum emission associ-
ated with the dust features in our ALMA data is very diffuse and faint (see section §
for more details). In support of the Spitzer data, we also examined the observations of
MRC0943-242 from Keck and HST/NICMOS (van Breugel et al., |1998; Pentericci et al.,
2001)). We do not see any evidence at sub-arcsecond resolution of multiple components.

3.3 Results

Combining for the first time ALMA submm observations with MUSE optical observations
reveals an even more complex morphology than seen previously: with multiple components
where only the AGN dominated component is visible in all wavelengths. Figure shows
the IRAC 3.6 um and 4.5 um image, Lya and Hell moment-0 maps in a colour image
observed with MUSE and the 235 GHz map observed with ALMA. The Lya moment-
0 map shows a bright source at the position of the HzRG (hereafter Yggdrasil) and an
additional component to the South-West (SW), connected by a bridge of Lya emission
(hereafter Bifrost). Yggdrasil is visible in all four images, while Bifrost splits up into three
components in the 235 GHz observations (hereafter Freja, Thor and Odin). Thor is visible
in the IRAC 3.6 yum and 4.5 um images with an extension towards both Freja and Odin.
A CO(8-7) emitting component (hereafter Loke) is located even further to the SW than
Freja, Thor and Odin. The complex morphology is illustrated by the schematic overview in
Fig. and additionally shows the positions of the radio lobes, and the CO(8-7) emission
at the position of Yggdrasil and Loke. We now discuss each of these phases in detail.
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Figure 3.1: Overview of the IRAC (3.6 um and 4.5 ym), MUSE (Lya and Hell) and ALMA (235 GHz) maps. Panel A
and B: The IRAC 3.6 pm and 4.5 pm images showing both Yggdrasil and Thor. Both IRAC images have a spatial sampling
of 0.61” /pixel. Panel C: A red (Lya), green (Lya) and blue (Hell) image composed of moment-0 maps of the MUSE cube,
which have a spatial sampling of 0.2""/pixel. The red Lya moment-0 is summed over A,ps = 4768.8 — 4776.2 A(see red
bar in panel A of Fig. , the green Lya moment-0 is summed over A s = 4754.3 — 4758.8 A (see green bar in panel A
of Fig. and the blue Hell moment-0 map is summed over Aops = 6422.5 — 6430.0 A. The red Ly« reveals a bridge of
emission connecting Yggdrasil and Bifrost (see § , while the green Lya emission shows extended emission to the west.
The Blue Hell shows an extended tail of Hell emission towards the WSW, which is not seen in Ly« emission (see §.
Panel D: The ALMA dust continuum map reveals weak dust emission at the position of the AGN, but strong dust emission
in three aligned components 48-65kpc SW of the AGN. The mm continuum flux density of all four continuum sources are
extracted with apertures of; Yggdrasil: 2.6” x 1.7”, Freja: 1.8 x 1”7, Thor; 1.9” x 1.5"” and Odin: 1.2” x 1.4"”. Far right:
Schematic overview of the multi-wavelength components detected in MRC0943-242. VLA 4.5 GHz radio observations have
been overlaid in yellow contours in Panel A, B and D. The plotted contour levels are for —3¢, 2 x 3¢, 3v/2 x 30, 5v/2 X 30,
which is the same for all VLA contour levels through out the paper. The position of Loke is marked with a red cross in Panel

A, B and D.
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3.3.1 Surprising dust and molecular gas distribution
Dust continuum emission

Yggdrasil shows up in the ALMA submm observations as a weak dust continuum emission
source at 235 GHz, with an extracted flux density over the region of 0.8 £ 0.2mJy (see
Table [3.4). However, the vast majority of the 235 GHz dust emission originates from three
components (Freja, Thor and Odin) aligned along a “string” shifted 48 — 65kpc towards
the SW relative to the position of Yggdrasil (see Fig[3.1)). Table[3.4]lists their flux densities
extracted using CASA.

Considering the number counts of > 0.5mJy sources at 235 GHz of ~ 2 x 10* deg™2
(Laurent et al., |2005), and the size of the area within the 8’7 radius from Yggdrasil to
Odin, we expect to find 0.37 sources with Fossgp. > 0.5mJy. We detect four sources
within this area; the probability that these four sources are unrelated is therefore 0.374, or
2%. The probability that these four sources are associated to MRC0943-242 is thus 98%.

Molecular emission lines

Searching the ALMA cube for molecular gas tracers, we find CO(8-7) emission at two
different positions. One at the position of Yggdrasil and one ~ 90kpc SW of Yggdrasil.
The 3.50 CO(8-7) detection at the position of Yggdrasil (see Fig is only shifted by
~ 4+43km/s from the Hell systemic redshift. Fitting a single Gaussian to this narrow
velocity profile yields a FWHM of 47 + 13km/s, and a velocity integrated line flux of
0.33+0.06 Jy km/s. The other 3.50 CO(8-7) detection is located ~ 90 kpc SW of Yggdrasil
(Loke, see Fig. and . Surprisingly, Loke is not detected in any dust continuum nor
optical counter parts. Like the CO(8-7) line detected at the position of Yggdrasil, this
CO(8-7) line is narrow with a FWHM of 53 + 17km/s, and only shifted by ~ +16 km/s
from the Hell systemic redshift (see Fig[3.4). The RMS of the CO(8-7) spectrum for
Yggdrasil is 1.8mJy and 2.1 mJy for Loke. This small difference is due to a combination
of the primary beam correction (affecting only Loke) and continuum subtraction residuals
(affecting only Yggdrasil, as no continuum is detected in Loke).

To verify the reality of the CO(8-7) emission, ensuring that these CO(8-7) lines are
not rare but insignificant noise peaks in the cube, we create 13 moment-0 maps at different
frequencies in the cube by collapsing a velocity ranges in the cube of 180km/s. This
corresponds to three times the average FWHM of two CO(8-7) lines and is the same
velocity width as for the CO(8-7)-moment-0 map (see Fig. [3.2). From these, we select
the brightest areas in each moment-0 map and extract the spectrum from the cube for
each of these areas and ensure that there is no overlap between velocity regions. From this
we find 81 unique peaks for which we extract over the full 233.5 — 236.5 GHz frequency
range. We fit a Gaussian profile to the brightest peak in each spectrum and determine
the S/N in each spectrum. Only two spectra show a peak of intensity with a S/N of ~ 3
and a FWHM of ~ 70km/s which could resemble a real line. The chance of detecting
a line such as Loke within 27+6km/s from Yggdrasil within our 4000 km/s bandwidth
is 27/4000 = 0.67%. In addition, the probability of finding a ~ 50 km/s wide line like
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Yggdrasil and Loke is 50/4000 = 1.25%. The combined probability of finding the observed
CO(8-7) configuration in Loke and Yggdrasil is therefore only 0.84%.

Searching the archival Australian Telescope Compact Array (ATCA) data for Yggdrasil
(see Emonts et al.|[2011|for more details about the data reduction and data characteristics)
by re-shifting the velocities to the redshift (z = 2.92296 £ 0.00001 see § [3.3.2)) used for this
work, we find tentative CO(1-0) line emission at a 2.80 level at the position of Loke (see
Fig. , consistent with the existence of a large molecular gas reservoir. The tentative
detection of CO(1-0) emission and the CO(8-7) to CO(1-0) line flux ratio of ~ 0.03 would
imply the presence of a low excitation molecular gas reservoir. No CO(1-0) emission was
found at the position of Yggdrasil (see Fig. . This agrees with the expectation that
we should find more highly excited gas near a powerful radio-loud AGN (e.g. Wei} et al.,
2007))

Unfortunately the ATCA observations are limited by the large beam and low S/N;,
and it is therefore not possible to determine whether or not CO(1-0) emission originates
from the dust continuum sources, a free molecular gas component in the halo or both. In
an attempt to explore if an extended CO(8-7) component is present, we applied a larger
beam to the ALMA 235 GHz data. Unfortunately, tapering the ALMA 235 GHz data and
convolving them with a beam comparable to that of ATCA did not produce useful results,
as our shallow ALMA observation do not contain sufficient short baselines. We plan JVLA
CO(1-0) and ALMA [CI]2-1 observations at arc-second spatial resolution to pinpoint the
exact location and determine the characteristics of the molecular gas reservoir.

No CO(8-7) line emission is observed at the positions of Freja, Thor and Odin. We
therefore take the 30 upper limit of the line emission at these positions to be 3 times the
RMS of the spectra extracted with the same region sizes as for the continuum emission

(see Table [3.1)).

3.3.2 Ionised gas

The MUSE spectrum of Yggdrasil (Fig. detects a rich variety of ionised gas tracers.
Overall, our spectrum is consistent with the Keck spectrum of |Vernet et al.| (2001)), but now
provides full spatial information over the large field (1’ x 1’) of view of MUSE. Table
lists the velocity and integrated fluxes for the nine emission lines detected at the position
of Yggdrasil. The flux is determined by integrating the spectral line profile within 30 of
the noise. For our analysis, we adopt the redshift of Hell integrated over the peak of the
continuum emission as the systemic velocity, as it is the brightest non-resonant line in
our spectra. The Hell emission line is best fitted by a Lorentzian profile, with a centre
corresponding to a redshift of 2.92296 + 0.00001 and a FWHM of 862 + 30km/s. The flux
within 3¢ is given in Table [3.1] The other high ionisation lines have profiles and redshifts
similar to that of Hell (Table and Fig.

The Lya (A1215.7A) line is by far the brightest and most extended emission line in
the MUSE data cube. It peaks at the position of the AGN, but extends out to 80 kpc (see
bottom panel of Fig. . Such extended Lya haloes have been detected in several other
HzRGs (e.g. van Ojik et al., (1996} Reuland et al., 2003b; Swinbank et al., [2015). The Ly«
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Figure 3.3: The top panel shows the full MUSE spectrum for Yggdrasil. All detected lines (other than Ly«) are indicated
with a black dotted lines, and the velocity profiles are shown in Panel B-I. The velocity profiles for NV, SiIV, NIV], CIV,
Hell, OI1I], CIII, and CII] assume Hell as the systemic redshift. The CIV emission line shows absorption troughs like those

of the Lya emission line.
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MUSE

Line Arest Aobs Line flux FWHM
A 10~ %erg/cm=2/s km/s

Yggdrasil

Ly« 1215.7 4768.9 £ 0.2 26.60 = 0.25 1592 + 44

NV 1238.8,1242.8 4859.1 + 0.6,4875.5 £ 0.9 0.90 £ 0.04 1803 £ 174

Sitv 1402.8 5500.1 + 1.1 0.60 £ 0.04 2493 + 214

N1V] 1486.5 5830.3 £ 1.9 0.27 £0.04 1764 + 370

C1v 1548.2,1550.8 6073.9 +1.5,6072.2 £ 1.4 4.34 £ 0.06 1410 £ 188

Hell 1640.4 6435.2 £0.2 3.04 £0.05 862 £ 30

O111] 1660.8,1666.1 6516.3 +1.4,6533.8 £ 2.5 0.50 £ 0.03 1492 + 292

cuij 1906.7,1908.7 7479.2 4+ 0.9,7490.9 + 3.1 2.00 £ 0.06 1734 +£ 124

[CIT] 2326.0 9122.4+ 1.0 0.90 £ 0.04 1606 + 118

Bifrost

Ly« 1215.7 4769.2 £ 1.1 0.65 £+ 0.06 1018 + 205

ALMA

Line Vyest Vobs SdV FWHM
GHz GHz Jykm/s km/s

Yggdrasil

CO(8-7) 921.8 23494+ 0.1 0.33 £0.07 43+ 13

Loke

CO(1-0) 115.3 — < 0.08 <27

CO(8-7) 921.8 234.96 + 0.1 0.54 +£0.10 57 + 17

Freja, Thor and Odin

CO(8-7) 921.8 — < 0.13 —

CO(8-7) 921.8 — < 0.18 —

CO(8-7) 921.8 — < 0.16 —

Table 3.1: Velocity integrated fluxes and FWHM of the resonance , fine-structure, and molecular lines for Yggdrasil,
in-between Odin and Thor and Loke. The ATCA observations have a beam size 11.5” x 9.0” and PA 87.5°. The 30 upper

limits on the CO(8-7) line emission for Freja, Thor and Odin are given assuming a FWHM of 50km/s, i.e. similar to the

CO(8-7) lines for Yggdrasil and Loke.
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Figure 3.4: The offset of the emission line and absorption features centers from the Hell systemic redshift. Red points
are emission lines observed for Yggdrasil. Yellow is the Ly« emission line for Bifrost. Green is the CO(8-7) emission line for
Yggdrasil and Loke. Blue and purple are the center of the absorption feature 2. The emitting components are distributed

within +200km/s of the systemic velocity, while the absorbers are all blue shifted by ~350km/s.

halo in MRC0943-242 shows a linear filament, Bifrost, connecting Yggdrasil with the two
brightest dust continuum components (Thor and Odin), strongly suggesting that they are
physically connected (see Fig|3.5)). The peak intensity of Bifrost is ~ 18 times fainter than
that for the Ly« detection of Yggdrasil (see panel A and D of Fig. [3.5)).

The Lya emission on the nucleus exhibits four absorption features in our data. We
denote these absorption features as 1, 2, 3 and 4 where the bluest feature is 1, middle are
2 and 3, and the reddest absorption feature 4 (in accordance with the labelling used by
Jarvis et al.] 2003] see panel A of Fig. [3.5)). Furthermore, component 2 is related to the
strong CIV absorption observed against the nucleus (Binette et al., 2000). By centering
the Lya velocity profile at the fitted central velocity of Hell we find that the bottom of the
absorption trough is at a redshift off z,,s = 2.91864 £+ 0.00002. By fitting a Voigt-profile to
the absorption trough, we estimate a column density of the neutral gas for component 2 of
Nyr = 1.3-10" em™2 and a Doppler width of 64 km/s (see Table which are comparable
to the values determined by |Binette et al.|2000. We note that because the line is saturated,
this estimate is very uncertain and likely a lower limit to the true value. For components
1, 3 and 4, we find good agreement with the values in |Jarvis et al.| (2003) for the column
densities and velocities.

We observe two absorption troughs in the CIV emission line; Voigt profile fitting to
the two features reveals that they are caused by gas on the line of sight at redshift z,,s =
2.91940 4 0.00007 and 2.91945 4 0.000061 and column densities of Nory = 3.4 - 1014 cm—2
and = 6.9 - 10" cm~2, higher than 3.2 - 10 cm =2 found by Binette et al.| 2000l
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Figure 3.5 Overview of emission and absorption components at different positions around MRC0943-242. Middle Panel:
Composite Red-Green-Blue image of Lya and Hell emission (see caption of Fig. for more details) with the ALMA 235 GHz
contours overlaid in grey. Panel A: The Lya line profile of the full area of Yggdrasil (elliptical aperture of 1.3" x 0.7"),
showing all four absorption components. Component 2 is the most prominent and goes to zero intensity at its center. The
spectrum has an RMS of 0.3x10717 erg s~! em=2 A~1. The blue, green, red and orange bars above the spectrum shows the
range in wavelength the channelmaps in Fig. have been summed over. The blue corresponds to panel A, green to panel
B, red to panel C and orange to panel C in Fig. Panel B and C: The Ly« profiles of two areas near the nucleus (circular
0.5” apertures) and have RMS of 0.1x10717 erg s~! cm—2 A~ These profiles likewise show signs of all four absorption
components. Panel D: The Lya profile of Bifrost (circular 1.2”aperture and RMS of 0.1x10~17 erg s—!) showing sign of
absorption component 2. Panel E: Spectrum extracted at the Hell emitting tail (0.7 aperture), showing no sign of Ly«
emission and an RMS of 0.02x10~17 erg s=! cm~2 A~1. The Hell lines is over-plotted in grey. Panel F: The Lya profile
of the western extended Lya emitting gas (0.4 aperture). All Lya velocity profiles have been fitted with Voigt profiles

superimposed on a Gaussian profile. These fits are shown as the red curves over plotted on the spectra.
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Figure 3.6: Lya Moment-0 maps summed over the wavelength ranges illustrated with the coloured bars in panel
A of Fig. Panel A: sum over the blue bar (Aops = 4732.5 — 4747.5A). Panel B: sum over the green bar (Aops =
4754.3 — 4758.8 A). Panel C: sum over the red bar (Aops = 4768.8 — 4776.2 A). Panel D: sum over the orange bar (Aops =
4778.8 — 4793.8 A) Over-plotted with yellow contours in all panels is the VLA radio map, as a reference.
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Figure 3.7: Continuum subtracted moment-0 maps of the CIV, Hell, CIII] and CII] emission lines. The continuum is
determined from the nearby line free channels for each line. Panel A: sum over the CIV emission line for the wavelength range
Aobs = 6050 — 6090 A. Panel B: sum over the Hell emission line for the wavelength range Aops = 6422 — 6430 A and is the
same image as the blue colour of the middle panel of Fig.[3.5] Panel C: sum over the CIII] emission line for the wavelength

range Aops = 7455 — 7485 A. Panel D: sum over the CII] emission line for the wavelength range Aops = 9071 — 9171 A.

Over-plotted with yellow contours in all panels is the VLA radio map, as a reference.
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Line NHI b Zabs
cm™2  km/s

Y ggdrasil

Lya absorber 1 5.0-10% 84  2.90689 + 0.00032

Lya absorber 2 1.3-10Y 64  2.91864 =4 0.00002

Lya absorber 3 3.7-10% 140  2.92641 4= 0.00023

Lya absorber 4 1.7-10%% 33 2.93254 & 0.00007

CIV absorber 2 3.4-10 94 2.91940 4 0.00007
6.9-101% 100  2.91945 + 0.00006

Bifrost
Lya absorber 2 7-10®  — 291841 4 0.00045

Table 3.2: Parameters determined by fitting a Voigt profiles to the absorption troughs. Fits are performed on the
absorption troughs in the Ly« line observed for both Yggdrasil and in-between Odin and Thor. The CIV line has been fitted

with two Voigt profiles with the same fitting parameters.

Stepping through the cube towards increasing wavelengths reveals the complexity of

the emission in the MRC0943-242 system (see Fig. , and :

® \obs ~ 4732 — 4747 A: Considering the Lya emission line profile at Yggdrasil (see panel
A of Fig. ; the emission furthest to the blue side of the line profile is spatially centred
around the radio source and approximately within the region containing the radio emission

(see also panel A Fig. [3.6).

® Mobs ~ 4747 — 4754 A: As we move towards the red, over the wavelength range of
absorption feature 1, we see strong nuclear emission.

® Aobs ~ 4754 — 4759 A: Moving further to the red between absorption features 1 and 2,
we observe a closed region of bubble-like emission reaching ~ 20 kpc out, surrounding the
western radio lobe (see panel B of Fig. . The absorption components 1 and 2 are visible
against this emission across the region of Yggdrasil (see panel A-C of Fig. .

® Aobs ~ 4759 — 4769 A: As we step further to the red, through the wavelength range of
absorption feature 2, the Lya emission becomes fainter — down to our surface brightness
detection limits. We note that this is in agreement with the Ly« profiles of all the extended
emission — when we have sufficient surface brightness to have detectable line emission, we
see absorption component 2 which has zero intensity in the line core. This includes the Ly«
emission from Bifrost (see panel D in Fig. and the CIV emission from Yggdrasil. The
absorption component 2 in Bifrost is at a redshift of z,,s = 2.91841 + 0.00045, consistent
with that in Yggdrasil (see panel D of Fig . This suggests that the absorption feature
in the spectrum of Bifrost is due to absorption component 2, meaning that absorber 2 has
an extent of at least 65kpc from Yggdrasil. The data suggest a lower column density of
absorber 2 in Bifrost of Nyp~ 7-10 cm=2. We warn that this Ny is particularly uncertain
due to the low S/N of the data, and the degeneracy between Ny; and the b-parameter.
Deeper and higher resolution data are required to trace column density variations across
the system. We also note that in this wavelength range, we observe high ionisation emission
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lines of Hell, CIV, and CIII] from gas extending over 7" or ~ 60 kpc to the west (see panel
F, the green contours of the central panel of in Fig. 3.5 and the CIV and Hell moment-0
maps in panel A and B of Fig. [3.7)). Fainter, less extended emission is also observed to
the east of the nucleus. Deeper data will be needed to determine the exact distribution
of absorption component 2; however, since the line core is black throughout the extend of
the cube, we can conclude that it is extended with a unity covering factor.

® \ops ~ 4769 — 4776 A: At wavelengths to the red of absorption feature 2, and containing
the absorption feature 3 (see red contours of Fig. and panel C in Fig. [3.6]), we observe
the emission from Bifrost. Where the Lya emission is sufficiently bright, we see absorption
component 3 superposed on the line emission (see panel A-C of Fig. [3.5)).

e M\obs ~ 4779 — 4794 A: Further to the red - at longer wavelengths than the range of
absorption feature 3, component 4 shows up as a small trough (see panel A-C of Fig. [3.5
and panel D of Fig. before we again start to see circum-nuclear emission all contained
within the radius encompassing the radio lobes.

e dobs ~ 6025 — 6125 and 6422 — 6430 A: Moving to wavelengths of the CIV and Hell
emission, we do not have sufficient S/N to split these lines into velocity channels like for
Lya. Instead, we present line maps of the central parts of these lines in panels A and B
of Fig. [3.7l Both lines display a similar morphology, which is also seen (albeit at lower
S/N) in CIII] (panel C of Fig. [3.7). We detect a tail of CIV and Hell emission to the
WSW (panels A and B of Fig. ; however this tail is not spatially aligned with the Ly«
bridge (Bifrost) connecting Yggdrasil with Freja, Thor and Odin. Interestingly, the CIV
and Hell tail is not seen in Ly« (see the blue contours of the middle panel and panel E
of Fig. |3.5). Fitting a Lorentz profile to this Hell emission line as well yields a redshift
of z = 2.916 which is consistent with the emission being at the same velocity offset as
absorption component 2. This suggest that this CIV and Hell emitting gas is also seen in
Lya, but that this is absorbed completely by component 2.

The large wavelength coverage of MUSE allows us to detect other fine structure lines
(see panel B-I of Fig. |3.3). The three doublets NV, OIII] and CIII] are well detected at
a > 60 level. The NV doublet is spatially resolved and reveals two spectral lines of sim-
ilar intensity. The OIII] doublet is blended, but there is some indications of the doublet
structure with the A\1660.8 A line being a shoulder in the blue side of the OIII] A\1666.1 A
line. We also detect a broad SilV component, a weak NIV] line at a 2.30 level, and a CII]
line at a 5.50 level at the edge of the band. The CII] emission line is a blend of multiple
lines, which explains why the line peaks on the red side of A2326 A. Table lists the line
parameters for these fine structure lines over the circum-nuclear region (see Fig. [3.3)).

All the emission from NV, SilV, N1V], OIII], and CII]lies within the region emcompassed
by the radio lobes. The Cll]emission is a particularly spectacular example as it delineates
both the extension and direction of the radio jet and lobes (see panel D of Fig. |3.7)).
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Instrument wavelength — Syggedrasil SThor SToke
pm ply ply pJy
IRAC 1 3.6 21.9 9.02 i2.10
IRAC 2 4.5 36.1 21.0 i1.32
IRAC 3 5.8 — — —
IRAC 4 8.0 30.2 <214 —
MIPS 24 468 £40 180+40 —

Table 3.3: The photometric IRAC and MIPS points for Yggdrasil, Thor and Loke after de-blending. Thor is not detected
in the IRAC 3 image, however the flux at the position is influenced by an image artefact from a nearby star in the field.
Extracting even an upper limit at this position is therefore not possible. Loke is not detected in any of the IRAC images; we

quote the 30 upper limits (Wylezalek et al.| 2013]).

3.3.3 Stellar mass

The wavelengths covered by Spitzer probe the rest-frame near- and mid-IR part of the
spectrum, which is believed to be the best tracer of the stellar-mass with almost no contri-
butions from the thermal emission from the AGN (Seymour et al., |2007). Yggdrasil has a
well sampled SED with detections at 3.6 pm, 4.5 um, 8.0 pm 16 pm, 24 pm, and upper lim-
its for 5.8 pum, 70 pm and 160 pm. Seymour et al.|2007 and |De Breuck et al.| 2010 fit a toy
model to these points, composed of four components: an elliptical galaxy composite stellar
population (CSP) and three blackbody (BB) components with temperatures of 60 K, 250 K
and between 500-1500 K (for more details see |Seymour et al. 2007 and |De Breuck et al.
2010). This SED fitting results in an H-band stellar luminosity of L5l = 2.5. 101 L,
which is converted to a stellar mass of 1.7 - 101 M, by assuming a dust-free, passively
evolving elliptical galaxy which started its formation at z = 10 with no recent episodes
of star-formation. The SED allows for a good decomposition of the stellar and hot-dust
dominated components, so the derived stellar mass is expected to be reliable (see |Seymour
et al., 2007}, for a more detailed discussion on the uncertainties).

Examining the IRAC 3.6 um and 4.5 ym image again, now with the knowledge of the
presence of Freja, Thor and Odin, we find stellar emission at the position of Thor, with
an extension towards Freja and Odin (see Fig. 3.1] top left and Table [3.3). Also for Thor
are the stellar and hot-dust emission well separated in the SED. We scale the stellar mass
found for Yggdrasil, to the emission seen in the IRAC 4.5 um map (Table [3.6)), yielding a
stellar mass of 1.0 x 10*! M. For Loke, we accordingly derive an upper limit to the stellar
mass of < 6.2 x 107 M.

3.3.4 Disentangling the SED

Yggdrasil has a well-sampled SED with IRAC, MIPS, SPIRE (250 um, 350 pm and 500 pm)
and PACS (24 pm, 100 pm and 160 um) from previous studies (De Breuck et al., 2010
Drouart et al., [2014)). The PACS 160 um image (see Appendix C of Drouart et al., 2014])
reveals an elongated source, spanning from the position of Yggdrasil towards Freja, Thor
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Component Position S935 GHz
RA dec mJy
Yggdrasil 09:45:32.769 -24.28.49.29 0.8+0.2
Odin 09:45:32.222 -24.2855.06 2.0£1.0
Thor 09:45:32.386 -24.28.54.05 1.940.8
Freja 09:45:32.445 -24.28.52.55 0.6 +0.3
Loke 09:45:32.072 -24.28.56.94 < 0.3

Table 3.4: Positions and 235 GHz fluxes for all components of MRC0943-242. As no dust continuum is observed for the
position of Loke we infer a 30 upper limit of the 235 GHz of three times the rms. The uncertainty includes the 15% flux

calibration error.

Component Lir perc.
(1012 L]

Total (Yggdrasil4Freja+Thor+Odin) 17.2 100

Freja+Thor+Odin (SB) 8.4 49

Yggdrasil (AGN) 7.5 43

Yggdrasil (SB) 1.3 8

Table 3.5: Infrared luminosities of each component, determined from our SED presented in Fig|3.8]
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Figure 3.8: The spectral energy distribution of MRC0943-242. The spatial resolution of the ALMA data allows us to
disentangle the SED in the AGN heated component (red curve) and star formation heated component (blue curve). The sum

of these two components is illustrated by the black curve.
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and Odin. Likewise, when returning to the IRAC 3.6 ym and 4.5 ym images (see panel
A and B of Fig. , multiple components show up corresponding to Yggdrasil and Thor
(see . While these sources can be separated in the Spitzer data, they are blended in
the Herschel data. However, the high spatial resolution and sensitivity of the ALMA data
allows us to disentangle the AGN and star formation heated components in the SED at
235 GHz. We conclude that the star-formation, as probed by the dust emission, is taking
place at a distance of 48-65kpc from the AGN in three smaller aligned components (Freja,
Thor and Odin). Table lists the de-blended MIPS and IRAC photometry points.

Relying on the method of Drouart et al.[2014| by fitting an SED with AGN and starburst
components, we now go further, and use the sub-arcsec resolution provided by the new dust
continuum image to further disentangle the relative contribution of AGN and star formation
spatially. Figure 3.8 shows the composite SED of the system, the three components being
two spatially distinct positions with ) Yggdrasil 1) and Freja, Thor and Odin photometry
as red and blue points respectively. The unresolved far-IR Herschel detections and upper
limits are shown as black points. It is important to note that each component is fitted
individually, and that the black points are not used in the fit. However, the total SED and
unresolved data (in black) provide a strong constraint on the total integrated flux from all
components; all solutions where the sum is inconsistent with the Herschel photometry are
excluded. In practice, the starburst component in Freja, Thor and Odin is well constrained
(blue dotted line in Fig. . However, the AGN component cannot simultaneously fit both
the Spitzer and ALMA photometry without exceeding the Herschel photometry. We are
therefore forced to add an additional starburst component to fit the Yggdrasil ALMA point.
However, with only a single point, the starburst luminosity is only loosely constrained.

We clearly see from the SED fitting that Thor is star-formation dominated, with the
MIPS 24 ym and 235 GHz reproduced by the starburst model from DecomplIR, (Mullaney
et al.,2011). Yggdrasil represents a composite of emission from an AGN and star formation
as reported earlier (Drouart et al., |2014)). However, the relative contribution to the IR
luminosity from the AGN and the star formation is different; favoring the AGN as the
main contributor. In fact, the AGN emits ~40% of the IR luminosity of the entire system
(LIR | =1.7 x 1013 L), the remaining ~ 60% is star-formation split between i) Yggdrasil
and i) Freja, Thor and Odin at ~10% and ~50% levels (Table [3.3.4). According to
the [Kennicutt| (1998a) relation, Yggdrasil and Freja, Thor and Odin have SFR of ~ 200
and ~ 1400 My yr~1, respectively. Which, in turn, corresponds to a sSFR of ~107% and
1078 yr—1,

3.4 Discussion

The wealth of information provided by the MUSE and ALMA data, even with rather
modest integration times for both sets of data, paints a complicated picture from the
warm ionised gas to the cold molecular gas and dust. We now discuss how the mass is
distributed in each component and what the relationship between the components is.
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3.4.1 The nature of the gas and dust

The MRC0943-242 system has a complex distribution of the ionised and neutral gas. The
high ionisation lines are distributed mainly around the nucleus and are confined within the
radio lobes. The exception to this is the extended Hell, CIV, and CIII] emission which is
most extended to the west — beyond the western radio lobe (see panel A-C of Fig.[3.7)). The
fact that metals are detected within this part of the halo suggests the gas is not pristine,
while the high ionisation state of the gas is consistent with photoionisation by the AGN,
indicating that there is a cone of ionisation along the direction of the radio jet but extending
well beyond the radio lobes. The lack of very extended Ly« emission in the outer region of
the ionisation cone is most likely caused by HI gas distributed over large scales absorbing
the emission (absorption component 2). The inner regions of the ionisation cone, i.e. the
region that lies within or just beyond the radio lobes, shows significant Ly« emission (and
also absorption from component 2). Resonance scattering shifts the frequency of the Lya
photons and allow them to ’leak’ out on both sides of the absorption feature and broaden
the line. In fact, throughout the region of Yggdrasil, we see all absorption components
either in all places (as for components 1, 2 and 3) or in particular regions (as for component
4). Since the absorption features are only rarely reaching zero intensity in their cores, the
neutral gas responsible for absorption systems 1, 3, and 4 are mixed with Ly« line emitting
regions (although some of it overlies the Ly« emission). Absorption component 2 must
cover the full Lya emitting region, including that out to ~60kpc, which is the projected
distance to Bifrost. Since this absorption contains no flux in the line core (it is dark), the
absorber must have unity covering factor and be optically thick. This being the case, our
estimate of the HI column density is a lower limit.

This situation is somewhat akin to the large extended Lya absorber on the line of sight
to the HzRG TN J1338-1942 at z = 4.1 (Swinbank et al., 2015)). In this case the neutral
gas reservoir extends at least 150 kpc away from the core of the HzRG. To detect this
extended emission, Swinbank et al.| (2015) obtained a much deeper integration and hence
significantly more extended Lya emission and absorption. However, unlike the deepest
absorption feature in TN J1338-1942, the offset velocity of the absorption component 2
in MRC0943-242, is rather more modest, only a few 100 kms~! compared to 1200 kms™*.
Deeper data for MRC0934-242 may reveal a greater extent and more complex structure of
the emitting and absorbing gas.

In addition to the ionisation cone and the general distribution of the Lya emission
around the central regions of Yggdrasil (M, ~ 1.7 x 10'* M), there is a bridge of material
connecting the IRAC continuum emission of Thor and beyond (M, ~ 1.0x 10" Mg). [Ivison
et al.| (2008) also found multiple components for the HzRG 4C60.07 at z = 3.8, likewise
connected by a bridge of gas. They interpret this bridge as a plume of cold dust and gas in
a tidal stream between two interacting galaxies. The interaction between the two galaxies
is believed to be the trigger of the starburst and through this exhaust the molecular gas
supply in the AGN host galaxy. One scenario which could have triggered the high star
formation in Freja, Thor and Odin and perhaps the AGN activity in Yggdrasil is, like
for 4C60.07, interaction between two galaxies. In this scenario, the two galaxies interact
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tidally where gas flows between the galaxies trigger the AGN activity in Yggdrasil, and
creates tidal tails of gas which may emit Lya. The tidal interactions may then ignite the
string of components Freja, Thor and Odin resulting in a SFR ~ 1400 My, /yr. However,
the CO(8-7) emission line from Yggdrasil is very narrow and dynamically quiescent. It
shows no signs of dynamical motion, implying that this gas is not related to the tidal
interaction. The CO gas appears to be quite highly excited, as may be expected for gas
near the central AGN. However, we remark that the ATCA upper limit on the CO(1-0)
emission is rather shallow, so we cannot put strong constraints on the CO gas excitation.
Along the same projected line as the bridge and dust emitting regions, we find CO(8-7)
emission in Loke which is not detected in any optical or dust continuum counterpart. The
tentative detection of CO(1-0) at the position of Loke is consistent with the presence of
a large reservoir of molecular gas. However, it is not clear from the observations at hand
how extended this reservoir is, if it reaches across Freja, Thor, Odin and Loke, tracing one
compact region, or if the reservoir is only at the location of Loke. The tentative CO(1-
0) detection suggests a lower excitation level than Yggdrasil, but more sensitive low-.J
observations are needed to confirm this. The only thing known is that this region contains
dynamically quiet but likely highly excited gas component ~ 90 kpc away from the nearest
stellar emission and with a relatively low velocity compared to the systemic velocity of the
AGN. A clue to its nature lies in the alignment with the AGN and starburst components
along the bridge. If this represents an accretion flow of galaxies and material along this
direction, the gas would experience tidal forces and accretion shocks when the galaxies get
close (or enter the halo of Yggdrasil). The absorption component 2 reveals the presence of
a large amount of neutral gas at a radius > 60 kpc from the AGN, however the impact on
this gas from merging galaxies or accreting gas is unknown. It may be that as gas enters
the halo, it will encounter the large scale neutral gas, perhaps shocking it as it penetrates.
Only more sensitive studies of the molecular gas in Loke may this impact be revealed.

3.4.2 Distribution of masses

To understand the nature of the MRC0943-242 system, it is important to know how
the mass is distributed in the system. Following De Breuck et al. (2003), we estimate
the ionised gas masses of Yggdrasil. The mass of the ionised gas is given by M,,, =
10°(f_5L44Vi9)/? Mg, where f_s is the filling factor in units of 107°, Ly is the Lya Iumi-
nosity in units of 10* erg/s and Vi is the volume in units of 10™ cm?®. We assume a filling
factor of 107 (McCarthy et al., [1990) and a volume of 5” x 2.5” x 2.5” and therewith
find M, = 5.2 x 108 M. This is a lower limit to the total mass since the absorption in
the Lya emission is significant. Since the distribution of the absorption components 1, 3,
and 4 are only delineated by the Lya emission, it is unknown how this gas is distributed,
meaning we are most likely underestimating their column densities as the components do
not fully cover the emission. This means we cannot estimate their contributions to the
mass budget.

Absorption component 2 is observed in all the Ly« line profiles across the Ly« emit-
ting regions and must therefore cover the entire Lya emitting region out to at least
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Mass Yggdrasil Freja/Thor/Odin/Loke
Mo Mo

Maranar 1.7 X 107 1 10"

Mion 5.2 x 108 —

Mpeutral 3.8 x 10° —

M0 6 x 1010 2.3 x 1010

Table 3.6: The stellar mass, ionised-, neutral- and molecular gas mass for Yggdrasil and Thor.

~ 60kpc. Assuming it is distributed as a spherical shell, we estimate the total mass
of absorption component 2 again following |De Breuck et al.| (2003)), Mpeutrar 2 3.8 X
10°(R/60 kpc)?(Nup/10Y) em™ Mg, where R is the radius of the neutral gas and Ny is
the HI column density. We note that because the absorption is heavily damped (Jarvis
et al., 2003)), our column density estimate is likely a lower limit of the true column, and
our mass estimate therefore a lower limit.

Using the tentative CO(1-0) detection at the position of Loke, and choosing a conser-
vative aco = 0.8 Mg Kkms ' pe™? (Downes & Solomon, [1998) we estimate a molecular
gas mass of 2.3 x 10’ M, for Loke. [Emonts et al. (2011) discovered a tentative 30 CO(1-
0) detection ~ 60kpc North-East of Yggdrasil, and estimate a molecular gas mass of
My, = 6 x 1019 M, using the same value for aco.

It is clear from comparing the four mass estimates (Table that the most of the
mass is in the form of stars and molecular gas, although the contribution of the neutral
shell of gas may also be significant.

3.4.3 lIonisation mechanism

The high ionisation lines such as Hell, CIV, and CIII| are extended beyond the western
lobe and asymmetric on large scales (see panel A-C of Fig. . The simplest interpreta-
tion is a strong asymmetry in the gas distribution. This hypothesis is supported by the
hard photons, which are most likely responsible for the ionisation of the gas, causing the
asymmetry in the emission from the circum-nuclear gas. Moreover, the ALMA data show
a similar asymmetry in the distribution of both the dust and CO emission. However, this
emitting gas lies outside of the ionisation cone and can therefore not be affected.

The detected emission lines from Lyc, CIV, Hell, CIII| and CII]can be used as probes for
the ionisation mechanisms. Both the AGN and the far-UV field of vigorous star-formation
can ionise the gas. The line ratios of Lya, CIV and Hell can be used to determine the con-
tribution from stellar photoionisation (Fig. 4 of |Villar-Martin et al. (2007))). We find that
the observed (absorption corrected) line ratios of Yggdrasil (Table are consistent with
w = 0, i.e. pure AGN photo-ionisation. Similarly, we can use the CIV/Hell, CIII]/Hell,
Crv/Ciia], [C11]/CI11], CIV/Lya and CIII]/Lya flux ratios along with the diagrams of De
Breuck et al.2000a (their Fig. 13, adapted in Fig. This comparison shows that the gas
within the radio lobes of Yggdrasil, is likely ionised by a combination of photo-ionisation
(~70%) and shock + precursors (~30%). Cll|emission is an especially sensitive tracer of
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shock-ionised gas (Best et al., [2000; De Breuck et al., [2000a). Our MUSE data allow us to
produce a [CII] narrow-band (moment-0) image (see panel D of Fig. [3.7). Interestingly, this
image indeed reveals that the [CII] emission is confined within the radio lobes, as would
be expected if this line is dominated by shock ionised gas. Deeper MUSE data would be
needed to check if this is not just due to limited S/N. This also limits us to derive line
ratios in the extended halo (near Bifrost), where we detect Lyc, but no other emission
lines. Deeper data would allow to check if the gas at ~ 80kpc is still ionised by the AGN,
or has a more important contribution from stellar photo-ionisation or shocks.

3.4.4 AGN and starbursts

Disentangling the SED into several components suggests that the starburst activity in
HzRGs is driven by the interaction of two (or more) gas-rich systems. Major mergers
have been invoked to explain the high SFRs seen in submm galaxies (SMGs; e.g. [Engel
et al., 2010), though others argue that they may rather represent the top end of a “main
sequence” of star-forming galaxies (e.g. Michatowski et al., 2012). The similar morphologies
and stellar masses of HzZRGs and SMGs suggest they may be related, potentially through an
evolutionary sequence, a high-z extension of the local relation between QSOs and ULIRGs
(Sanders et al., [1988). Both classes reside in parent halos of similar mass (Hickox et al.|
2012)), but direct observations of objects in transition between SMGs and QSOs remain
restricted to a few examples (e.g. Simpson et al., 2012). This is where detailed observational
studies of type 2 AGN like HzRGs can play an important role, as their stellar masses, unlike
type 1 AGN’s, can be accurately determined (Seymour et al.,[2007; De Breuck et al., 2010)).

In MRC0943-242, we actually observe both processes: in Yggdrasil, we observe an AGN
host galaxy with a moderate SFR, while the companion galaxy Thor is surrounded by two
additional star-forming companions, Odin and Freja.

3.4.5 Loke is not so atypical around radio galaxies

Our detection of CO(8-7) emission in Loke, which is not co-incident with any dust or
stellar emission, and is not in the direction of the axis of the radio emission, is puzzling.
It is not the first time CO line emission has been detected around a HzRG without any
counterpart at other wavelengths. Table lists ten HzRG with CO observations where
the CO emission is offset from the AGN compared to the radio sources.

Nesvadba et al.| (2009) found CO(3-2) emission 80kpc from the core of the z = 2.6
HzRG TXS0828+193. However, the CO(3-2) emission in TXS0828+193 is aligned with
the radio jet, which [Nesvadba et al. (2009)) suggest could be triggering the collapse and
excitation of the gas. The offset of CO emission from the position of the HzRG is seen in
other sources as well (see Table such as, e.g. 4C60.07 (Ivison et al., |2008]), MRC0114-
211, MRC0156-252 and MRC2048-272 (Emonts et al., [2014). [Ivison et al.| (2008) detect
CO(4-3) emission for the HzRG at z = 3.8 at two positions: at the location of the AGN core
and 7" SW of the AGN. The latter component is also detected in CO(1-0) emission (Greve
et al 2004). Based on the submm observations of 4C60.07, Ivison et al.| (2008]) point out
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a complication when calculating dynamical masses using the extended CO emission, due
to the misalignment of the black hole with the CO emission and dust continuum. [Emonts
et al.[|2014 discovered CO(1-0) emission in three HzRGs that were significantly offset from
the AGN and which have 4.5-9.2x10'° M, of molecular gas, but again aligned with the
radio jet. They discuss jet-induced star formation. Two molecular components traced by
CO(4-3) for 4C41.17 were detected by De Breuck et al.2005. These two components are
also aligned with the radio jet, but are co-spatial with the Ly« emission.

The submm and optical observations of MRC 0943-242, adds to this complicated situ-
ation, with its many components, only two of which are traced by CO emission.

3.5 Are we seeing a multiphase accretion flow?

Numerical simulations suggest that galaxies acquire much of their gas through accretion
flows generated by the growth of the cosmic web of dark matter (e.g. Agertz et al. 2011}
Danovich et all [2015). Flows of gas develop over cosmological distances and time scales,
ultimately penetrating into halos and feeding baryons onto galaxies. Because the flows are
associated with the growth of dark matter structures, galaxies are expected to be embedded
in accretion flows. Could we be witnessing such accretion in our combined data sets?

Progressing inwards in radius towards the host galaxy of MRC 0943-242 over many
10s of kpc from Loke, through Odin, Thor, Freja, Bifrost to the redshifted absorption
component 3 seen against the inner Lya emission, we see little change in the velocity
over this inward journey. In the most distant emission, i.e. Loke, the velocity offset
relative to the AGN emission is small. This structure appears dynamically cold, having
low dispersion in all of its spectroscopic features, implying that it is near to the plane of
the sky. Aligned with this general structure is a group of (merging?) vigorous star-forming
galaxies associated with the emission regions, Freja, Thor and Odin. If the coincident
Lya emission from Bifrost is representative of their projected velocity, these galaxies are
embedded within this overall (in projection) linear structure. On the opposite end of the
structure, we find the AGN host galaxy, Yggdrasil, which has a rather mundane rest-frame
optical morphology, suggesting a heavily obscured galaxy, but not a merger (see Fig. 9 of
Pentericci et al) 2001)). Interestingly, the extended emission line halo does not extend on
the other side of the AGN.

Admittedly, we do not have a simple explanation for the distribution of the various
phases. For example, why is most of the molecular gas observed at the position of Loke? An
explanation could be that the molecular gas is related to the strong, optically thick, large
covering fraction of HI absorption component 2. However, the velocity offsets (Fig. [3.4))
suggest that it is rather the less massive absorption component 3 that coincides with the
CO(8-7) and simply part of what may be a flow into Yggdrasil.

Only a combined ALMA + MUSE survey of radio galaxies like that of MRC0943-242
(with deeper integrations than in this pilot project) can determine if it is gas accretion
that is fuelling the growth of their galaxies and supermassive black-holes. These combined
data cubes are our only way to obtain a complete picture of various phases which emit
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strongly over a wide range of wavelengths. This will allow us to study the nature of the
halo gas that results from this complex interaction. By the sensitivity of both ALMA and
MUSE on the VLT are already offering tantalising clues on how the gas in this system is
being acquired and modified by the interaction with the AGN and galaxies in this complex
system.

3.6 Conclusions

Combining the high sensitivity of ALMA and MUSE, even with very modest integration
times, has allowed us to gain insights into the environments which explain many properties
of the evolutionary path of HzRGs. Surprisingly, in our pilot study of the z = 2.9 radio
galaxy MRC0943-242, we apparently find that most of the star formation is not associated
with the radio galaxy itself, but is in a companion set of galaxies which exhibits a complex
pattern of dust emission which we associate with star formation. We say apparently,
because the morphology of the dust emission is peculiarly distributed in three distinct
sources but roughly within the diffuse stellar continuum emission of the source.

The MUSE data show that the continuum emitting source is embedded in a Lya emit-
ting linear filament stretching from beyond the AGN to the circum-nuclear emission of the
AGN. This structure of dust and Ly« emission aligns well in projection with a region of
CO(8-7) and CO(1-0) emitting gas (at lower significance) about 90 kpc in projection from
the AGN.

The AGN apparently ionises a large region which is asymmetric, lying mostly on the
western side of the source. This is likely due to the gas distribution as it tantalisingly lies
in the direction where the dust, CO line emission, and the filamentary Lya emission are
found.

The relationship between the Lya emission and absorption and the associate CIV ab-
sorption, paint a fascinating picture of the distribution of the warm ionised medium. There
is a component of Lya absorbing gas which reaches zero intensity throughout the Ly«
emission detected across MRC0943-242 in the MUSE data. It clearly has a unity cover-
ing fraction and is highly optically thick. Since the gas is seen as an absorption feature
throughout the Lya emitting filament (Bifrost) this thick, unity covering fraction absorber
is extended, and visible in absorption out to > 60 kpc. Because of its velocity and optical
thickness, it literally absorbs all of the extended Lya emission in the cube.

Appendix

3.7 Line ratio diagrams from De Breuck et al. [2000a

This appendix presents a range of emission line ratio diagrams that are directly derived
from the MUSE data, compared photo-ionization and shock ionization models (Fig. 13
from De Breuck et al.|2000a)).
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Figure 3.9: Line ratio diagnostic diagrams involving Lya, CIV, Hell, CIII] and CII] (adapted from |De Breuck et al.
2000a;, their Fig. 13). The thick green cross shows the flux line ratios observed for Yggdrasil, while the circles show other
HzRGs from the literature. Also shown are photo-ionization and shock models to illustrate that the observed line ratios in
Yggdrasil are dominated by photo-ionization with a contribution of up to ~30% by shocks (see [De Breuck et al.l 2000a} for
more details).
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Abstract

We present 0’5 resolution ALMA detections of the observed 246 GHz continuum, [CI]
3P, — 3P fine structure line ([CI]2-1), CO(7-6) and H,O lines in the z = 2.161 radio
galaxy MRC1138-262, the “Spiderweb Galaxy”. We detect strong [CI]2-1 emission both
at the position of the radio core, and in a second component ~4 kpc away from it. The
1100 km/s broad [CI|2-1 line in this latter component, combined with its Hy mass of 1.6 x
10*° M, implies this emission must come from a compact region <60 pc, possibly containing
a second AGN. The combined Hy mass derived for both objects using the [CI]2-1 emission
is 3.3 x 10 Mg,. The total CO(8-7)/[CI]2-1 line flux ratio of 0.2 suggests a low excitation
molecular gas reservoir and/or enhanced atomic carbon in cosmic-ray dominated regions.

We detect spatially-resolved HoO 217 — 299 emission — for the first time in a high-z
un-lensed galaxy — near the outer radio lobe to the east, and near the bend of the radio
jet to the west of the radio galaxy. No underlying 246 GHz continuum emission is seen at
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either position. We suggest that the HoO emission is excited in the cooling region behind
slow (10-40 km s™!) shocks in dense molecular gas (10°~° ¢cm™®). The extended water
emission is likely evidence of the radio jet’s impact in cooling and forming molecules in the
post-shocked gas in the halo and inter-cluster gas similar to what is seen in low-z clusters
and other high-z radio galaxies. These observations imply that the passage of the radio jet
in the interstellar and inter-cluster medium not only heats gas to high temperatures as is
commonly assumed or found in simulations, but also induces cooling and dissipation which
can lead to substantial amounts of cold dense molecular gas. The formation of molecules
and strong dissipation in the halo gas of MRC1138-262 may explain both the extended
diffuse molecular gas and young stars observed around MRC1138-262.

4.1 Introduction

The high-z radio galaxy (HzRG) MRC1138-262 at z = 2.161 is one of the best studied
HzRG (e.g. [Pentericci et al. [1997; |Carilli et al [1997; Pentericci et al., 1998 2000; Carilli
et al.l 2002a} Stevens et al., 2003; [Kurk et al., 2004bLa; Greve et al., 2006} Miley et al.,
2000; [Hatch et al., 2008; Humphrey et al., 2008 Hatch et al.| 2009; |Kuiper et al., 2011}
Ogle et al., |2012; Seymour et al., 2012)), with a well sampled spectral energy distribution
(SED) covering from radio to X-ray. Its radio morphology is typical of distant radio
galaxies with a string of radio bright knots along the radio jet extending to the west and
a single lobe to the east of the central radio core (Carilli et al., |1997). The radio core has
an “ultra steep” spectral index of @ = —1.2, and the spectral indices of the radio knots
systematically steepen with increasing distance from the core (Pentericci et al., [1997)). The
radio source is embedded in an environment over-dense in galaxies over scales of hundreds
of kpc (Pentericci et al., [1998; [Miley et al., 2006) to Mpc scales (Pentericci et al., [2002;
Kurk et al., [2004bja; Dannerbauer et al., 2014). Many of these galaxies are clumpy and
star forming (Pentericci et al., |1998; Miley et al.l 2006; [Dannerbauer et al., [2014). [Hatch
et al. (2009) predict that most of the satellite galaxies within 150 kpc will merge with the
central HzRG and that the final merger galaxy will contain very little gas due to the high
star-formation rate (SFR) of the satellite galaxies. X-ray observations of MRC1138-262 are
inconclusive about the existent of an extended X-ray atmosphere (cf. |Carilli et al., |2002a;
Pentericci et al., 2000, the extended X-ray emission could be due to inverse Compton or
shocks generated by the passage of the radio jets). |Pentericci et al. (2000)), favouring the
existence of a large thermal hot X-ray emitting atmosphere, conclude that MRC1138-262
has many of the necessary ingredients of a forming galaxy cluster, i.e. an irregular velocity
distribution of the Lya emitting galaxies, an over-density of galaxies, a massive central
galaxy, and a hot X-ray halo. Due to the large number of companion galaxies surrounding
the HzRG being analogous to “flies caught in a spiders web”, MRC1138-262 was dubbed
the Spiderweb Galaxy (Miley et al., [2006).

Multi-wavelength photometry, including the infrared continuum emission (Stevens et al.|
2003}, \Greve et al., 2006; De Breuck et al., 2010), imply an extremely high SFR in the Spi-
derweb Galaxy. Fitting an active galactic nucleus (AGN) and starburst component SED
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to the mid- to far-IR SED, Seymour et al|(2012) find a SFR for the starburst component
of 1390 + 150 M yr~! (see also |Ogle et al., 2012). This should be compared with the
rest-frame UV estimates of only a couple 100 My, yr~! (even with an extinction correction)
by [Hatch et al. (2008), who emphasise how deeply embedded the majority of the intense
star formation is in MRC1138-262. Although the star formation is intense, the character-
istics of the vigorous outflow (M > 400 M, yr—!) observed in the optical emission line gas
suggest that this is predominately driven by the radio jet (Nesvadba et al., 2006]).

Beyond the companion galaxies, the diffuse stellar and gaseous environment of MRC1138-
262 on larger scales is also fascinatingly complex. MRC1138-262 has a significant amount
of diffuse UV intergalactic light (IGL) within 60kpc of the radio galaxy indicating on-
going star formation in the circum-galactic environment (Hatch et al., [2008). This diffuse
light is embedded in a large (~ 100 kpc in diameter) Ly emitting halo (Pentericci et al.|
1997). Using semi-analytical models, Hatch et al. (2008) ruled out the possibility that
the observed circum-galactic light originates from unresolved, low-mass satellite galaxies.
Spectra extracted at the position of the central HzRG, of a nearby galaxy and the IGL,
show Ly« emission lines with absorption troughs super imposed, suggesting the presence
of warm neutral gas mixed with the ionised gas surrounding the HzRG (Pentericci et al.|
1997 [Hatch et all [2008). This leads to the conclusion that the large Lya halo emission
is powered not only by the extended and diffuse star-formation (Pentericci et al., [1998;
Miley et al., 2006; Hatch et al.l |2008]) but also by AGN photoionisation and shock heating
(Nesvadba et al., [2006)).

The influence of the radio jet from the AGN is seen in the VLA observations, which
reveal a bend in the western string of clumps detected ~ 20kpc from the core towards
the south-west. Lya line emitting gas has a bright spot associated with this bend and the
two hotspots, implying the presence of a massive cloud of gas deflecting the radio jet and
causing these features (Pentericci et al.| [1997; Lonsdale & Barthel, [1986). Several different
models exist for how gas might deflect radio jets, such as the jet drilling into a gas cloud
where it blows a bubble in the hot plasma (Lonsdale & Barthel, |1986) or through the
counter pressure generated by oblique reverse shocks in the cloud generated by a jet-cloud
interaction (Bicknell et al., [1998)). Given this situation, Pentericci et al. (1997)) argue that
the relation between the radio emitting knots in the jet and the high surface brightness
Lya halo emission, especially where the eastern jet bends, suggest an interaction between
the jet and the ambient gas in the halo of MRC1138-262. However, the origin of the Ly«
emitting gas reservoir is still uncertain.

This high a SFR of the HzRG means that a significant molecular gas reservoir fuelling
the star formation must be present. Emonts et al| (2013) probe the diffuse extended
molecular gas reservoir using the CO(1-0) line. They find that there is approximately
6 x 10 Mg, of cold Hy gas over a scale of 10s of kpc surrounding the HzRG (also Emonts
et al. 2016, in prep.). The kinematics of the cold molecular gas is relatively quiescent
(Emonts et al. 2016, in prep.). More surprisingly, Ogle et al.| (2012)) detect the 0-0 S(3)
rotational line of Hy in MRC1138-262. The strength of the line, allowing for a range of
plausible excitation temperatures of Hy, imply warm (T > 300 K) Hy masses of order 107 to
10° M. While the large Spitzer beam does not allow to spatially resolve the Hy emission,
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Figure 4.1: Overview of the spatial distribution of the detected components. The natural weighted 246 GHz continuum
map is in grey scale and the two [CI]2-1 components 1 and 2 are marked with the blue and red ellipses, respectively. The two
H2O detections are marked with orange ellipses, and the 246 GHz continuum components marked with green ellipses. The
sizes of the ellipses represent the extractions used for the photometry. The knots in the radio jet are marked with red-orange
diamonds and labeled according to [Pentericci et al.|(1997). The numbers correspond to the numbering in

The ALMA beam is shown as a black ellipse in the lower left corner.

a plausible interpretation of the relatively large mass of warm Hy gas in MRC1138-262 is
that a fraction of the jet energy is being dissipated as supersonic turbulence and shocks in
the dense gas in the immediate environment of the AGN.

Though the optically thick CO(1-0) emission line is a good tracer of the diffuse molec-
ular gas, the emission lines from neutral carbon ([CI]) are arguably even better. The [CI]
lines have critical densities similar to the low-J CO lines, meaning that they probe the
same phases of the molecular gas. As they are both optically thin, they therefore probe
higher column densities than CO (Papadopoulos et al., 2004). While the [CI] lines are
good tracers of the diffuse molecular gas, they are poor tracers of the very dense star
forming gas. Molecular lines from e.g. H,O, HCN and CS, have a much higher critical
density and therefore probe the dense molecular star forming phase. (Omont et al.| (2013)
find a relation between the far-infrared (FIR) and H,O luminosities for a sample of high-z
starburst galaxies. The HyO detections for this sample are all associated with underlying
FIR emission, implying that the HyO emission traces star forming regions. However, the
H>0 molecules can also be excited in the dissipation of supersonic turbulence in molecular
gas or by slow shocks (e.g. [Flower & Pineau Des Foreéts| [2010). In the case of purely shock
excited HyO, it is unlikely that underlying FIR emission would be detected in regions of
strong HoO emission (e.g. |Goicoechea et al., 2015]).

Motivated to determine the energy source and distribution of the strong dissipation as
possibly observed through Hsy emission and determining the state of the molecular gas in
MRC1138-262, we proposed for ALMA observations in Cycle 1. In this paper, we present
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our results for the observed 246 GHz continuum emission (rest-frame ~740 GHz), H,O
211 — 209 transition (at vy = 752.03 GHz, which is hereafter often refereed to as HyO),
[CT] 3P, — 3P, fine structure emission line (at v, = 809.34 GHz, which is hereafter
referred to as [CI|2-1) and CO(7-6) emission line observations towards the Spiderweb
Galaxy. We find strong 246 GHz continuum emission at the position of the HzRG. Near
both radio lobes, we detect emission from H,O, the first spatially resolved detection of
H,0O in a high-z un-lensed galaxy. We also detect strong [CI]2-1 emission blended with
weak CO(7-6) emission at the position of the HzRG. In § we present our Atacama
Large Milimeter/submilimeter Array (ALMA) submm observations. The results of these
observations are given in § We analyse and discuss them in § and summarise our
conclusions in § We assume Hy = 73km/s/Mpe, Q) = 0.27, and Q5 = 0.73, which
implies a scale of 8.172kpc/” at z = 2.161.

4.2 Observations

4.2.1 ALMA observations

The ALMA cycle 1 Band 6 observations were carried out on 2014 April 27 for 49 min on-
source time with 36 working antennas. The four 1.875 GHz spectral windows were tuned
to cover the frequency ranges 237.3 — 240.9 GHz and 252.6 — 256.7 GHz. We used the
supplied Common Astronomy Software Applications (CASA) calibration script to produce
the data cube, continuum map and moment-0 maps. The quasar J1146-2859 was used as
a bandpass calibrator, and the UV range was well covered within 400 k\.

We made a natural weighted map (Briggs robust parameter of 2), which exhibits the
highest S/N, at the expense of a lower spatial resolution. The frequency range between
254.9 — 265.7 GHz (i.e. half of the upper side band) is dominated by strong [CI]2-1 and
CO(7-6) line emission and is therefore not included in the continuum map. This results
in a continuum map with a synthesised beam of 0769 x (/44 with PA 89.3° and an RMS
of 50 uJy/beam. We corrected the continuum map for the primary beam of 26"3.

The H50O emission is spatially offset from the continuum emission and a continuum
subtraction is therefore not required, as it would only unnecessarily add noise. The H,O
observations are therefore not continuum subtracted. The [CI]2-1 and CO(7-6) emission
lines are within the frequency range at z = 2.1606, and we subtract the continuum in the
UV-plane by fitting a first order polynomial to the line free channels. The [CI|2-1 emission
is so broad that it leaves no line free channels in spectral window 0. We therefore fit the
continuum to spectral window 1 which shows no signs of line emission. We bin the [CI]2-1
line data to 20 km/s which has an RMS of 0.5 mJy and the H,O line data to 60 km/s which
has an RMS of 0.3mJy. We primary beam correct the HoO line data, as we find HyO
emission ~ 6”5 from the phase centre, where the sensitivity is at 87%.
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Figure 4.2: The 246 GHz continuum map with robust 0 in grey scale overlaid with the radio map in orange contours.

The fitted continuum emission peaks are marked with green crosses. Companion #10 to the west is co-spatial with the knot

B3 in the radio jet (Pentericci et all, [1997).

4.3 Results

The Spiderweb Galaxy is detected in both 246 GHz continuum and [CI]2-1, CO(7-6) and
H50 line emission. Figure shows an overview of the spatial distribution of the different
components. The strong [CI]2-1 line emission is seen in two components separated by 0”5.
The [CI]2-1 component 1 is centred at the position of the HzRG (marked with a light blue
ellipse in Fig. and the [CI]2-1 component 2 is located 0”5 to the south-east (marked
with a red ellipse in Fig. . The 246 GHz continuum emission peaks at the position of
the HzRG (marked with green ellipses in Fig. , but shows an extension in the direction
of the [CI]2-1 component 2. Emission from H,O is also detected south-west of the HzRG
(marked with the orange ellipse south of the 246 GHz continuum component in Fig. ,
which is co-spatial with the bend in the radio jet (Carilli et al., |1997). H2O emission is
detected east of the HzRG - west of knot A in the radio jet (marked with an orange ellipse
to the left in Fig. |4.1)). We now discuss each of the components separately. Table
lists the derived line parameters. Throughout, we will adopt the [CI]2-1 emission at the
position of the radio core as the systemic redshift z = 2.1606.

4.3.1 Continuum emission

The continuum map contains bright 246 GHz continuum emission at the position of the
HzRG, ~ 20kpc to the west and tentative emission to the north (see Fig. .



4.3 Results 107

Component Position S946 GHz z

RA dec mJy
HzRG 11:40:48.34 -26:29:08.656 1.78 =0.29 2.1606 £ 0.0041
companion #8 = 11:40:48.38 -26:29:04.940 < 0.25 2.1437
companion #10 11:40:48.15 -26:29:09.490 0.19 4+ 0.01 2.1446

Water (West) 11:40:48.82  -26:29:09.58 <0.2
Water (East) 11:40:48.12  -26:29:09.97 < 0.2

Table 4.1: The peak positions and 246 GHz continuum flux of the HzRG and companion #8 and #10. The continuum
fluxes are calculated by integrating under the fitted double 2D Gaussian profile. Companion #38 is a tentative detection and
therefore an upper limit. We take the 30 upper limit of the 246 GHz continuum emission at the positions of the HoO emission

to the west and east to be three times the RMS.

The HzRG

The 246 GHz continuum emission at the position of the HzRG shows an east-west elonga-
tion, in the same orientation as the radio source (see Fig. [£.1)). A similar orientation was
seen in the SCUBA and LABOCA maps (Stevens et al., 2003; Dannerbauer et al.| 2014]),
but those extensions were on a much larger scale than the separation seen in Fig.
Though the continuum only has one peak, the elongation suggests a two component sys-
tem, similar to what is seen in the [CI]2-1 line emission (see § . Using the peak
positions from component 1 and 2 in the [CI]2-1 moment-0 maps, we fit a double 2D Gaus-
sian profile to the continuum by fixing the centres of the Gaussians at the peak positions
of the [CI|2-1 emission line. This results in a continuum ratio for the two components of
~5. Integrating the fitted double 2D Gaussian yields the flux density of 1.78 4+ 0.29 mJy
(see Table . This emission is probably dominated by thermal dust emission, though we
warn that a linear extrapolation of the (8.2 GHz) = 1.88 mJy Pentericci et al.| (1997) and
the S(36.5GHz) = 1.02mJy (Emonts et al, in prep.) for the core predicts a synchrotron
contribution of 0.47mJy at 235 GHz. Any star-formation parameters derived directly from
the 246 GHz should therefore be considered as an upper limit.

The companion sources

We detect 246 GHz continuum emission from a bright companion ~ 20 kpc to the west of
the HzRG (see Fig.[4.1). This companion is associated with knot B3 in the radio jet (Carilli
et al.l [1997; |Pentericci et al., (1997, see Fig. and a small group of galaxies (denoted
D by [Pentericci et al] (1997) and #10 by Kuiper et al| (2011)), see Fig. [£.4). This is also
the position of a high surface brightness region of Ly« emission (Pentericci et al. [1997).
This companion is also seen in e.g. HST F814W imaging (Miley et al.| |2006) and at other
optical wavelength e.g. R-band (Pentericci et al., [1997). Companion #10 is co-spatial with
companion D in Pentericci et al. (1997) at RA = 11:40:48.14, dec = -26.29.09.2, and is
offset by only 0”8 to the Lya emitter #491 from [Kurk et al. (2004b)). This Ly« emitter at
RA = 11:40:48.2, dec = -26.29.09.5 (marked with the purple circle in Fig. and is
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Figure 4.3: HST F814W image 1, 2008) in grey scale overlaid with the natural weighted 246 GHz continuum

map in green contours with levels of 1.50, 30 and 50. In the natural weighted continuum map we detect emission from

companion #10 (and tentatively from #8) of 2011, The purple cross marks the position of the nearby Lya

emitter at the position of the HzRG. The purple circles mark the positions of Lya emitters, the squares mark the position
of Ha and the triangles extremely red objects within the Lya halo or MRC1138-262. The Ly« emitter #491 is offset by 0”8

from the companion source seen in 246 GHz continuum emission west of the HzRG (see also Fig. [4.4)).

inside the Ly« halo of the Spiderweb Galaxy (Kurk et al., 2004b)), and so are three other
Lya emitters, three Ha emitters and two Extremely Red Objects (ERO) (also marked

in Fig. 4.3)). Fitting a 2D Gaussian profile to companion #10 we find a flux density of
0.19 £ 0.01 mJy (see Table [4.1]).

To examine the nature of the 246 GHz emission of companion #10, we compared the
flux density in the spectral windows not contaminated by line emission. The expected
ratio between 238.28 and 253.48 GHz (i.e. the lower and upper side bands: LSB and USB)
from thermal blackbody radiation at 40 K is 0.80, while the observed ratio is 1.19 &£ 0.22.
The decreasing spectral slope with increasing frequency of #10 is more consistent with
a synchrotron rather than a thermal dust origin. Indeed, a straight extrapolation of the
Ssoch, = 5.9mJy (Pentericci et all 1997) and the Sisscn, = 1.8mJy (Emonts et al.,
in prep) implies Sozoqn, = 0.4mJy. Our observed 0.2mJy is therefore fully consistent
with synchrotron emission, and even allows for the expected spectral steepening at high
frequencies. Thus synchrotron dominated submm emission is consistent with companion
#10 having very blue UV colours with no signs of a Balmer break or significant extinction
(Hatch et al., [2009). On the other hand, it could also be that the most obscured regions
are not visible in the optical images, but only the bluest, least obscured regions are. Higher
resolution dust continuum and a broad sub-millimetre wavelength coverage can test these
hypotheses.
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Figure 4.4: The HST F814W image in grey scale overlaid with the 246 GHz continuum in green contours. Bottom panel:
The full region of the Spiderweb Galaxy, where the companion #10 is co-aligned with a group of galaxies. Top panel: Zoom
in of the region around the companion sources. The purple circle mark the position of the Ha emitter #491 (Kurk et al.|

2004b)), which is the close to the dust continuum emission companion source.
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4.3.2 [CI]2-1 and CO(7-6) line emission
The HzRG

Strong emission from the [CI] ®P, — 3Py fine structure emission line is detected at the
position of the HzRG. The [CI]2-1 emission line has a double peaked velocity profile with
peaks at 0km/s and ~ 350km/s (see top right in Fig. [£.5). Moment-0 maps of the channels
containing the emission of the first (see bottom left in Fig. and second (see bottom
middle in Fig. peaks reveal a spatial mis-alignment of the two [CI|2-1 peaks, which
suggests two components. The emission corresponding to the 0 km/s peak is at the location
of the HzRG (component 1, marked with a blue cross in Fig. , while the ~ 350km/s
gas is shifted 0”5 to the south-east (component 2, marked with the red cross in Fig. . A
broad underlying components is visible in the spectrum for component 2. Unfortunately,
the spatial resolution of the data and the broad underlying component do not allow for a
clearer separation of the two components.

The spectral velocity profile of component 1, with no overlap with component 2 (see
Fig. left), has a Lorentzian-shaped profile, with a full-width at half-maxima (FWHM)
of 270 + 15km/s and a redshift of z = 2.1606 £+ 0.0041, which agrees with the redshift
determined from the CO(1-0) line (Emonts et al., 2013). We adopt this as the systemic
redshift as the [CI]2-1 line has higher spectral resolution and S/N compared to the Hell
A1640 A (Hatch et al, 2008). At the expected frequency of the CO(7-6) line, we detect a
3.50 Gaussian shaped CO(7-6) emission line with FWHM of 435485 km/s. The broadness
of the [CI]2-1 line makes the spectroscopic separation of the [CI|2-1 and CO(7-6) lines
difficult, as very few line-free channels separate them. To avoid the lines contaminating
each other, the velocity integrated line flux for the [CI|2-1 line is calculated by integrating
the fitted profile from —610km/s to 530 km/s, while the integrated CO(7-6) line flux is
integrated from 690 km/s to 1390km/s. The CO(7-6) to [CI|2-1 line luminosity ratio is
0.2. The peak ratio of the two [CI]2-1 components is ~ 3 times lower than the ratio of the
246 GHz continuum at these positions, implying that component 2 is relatively brighter in
[CI]2-1 than in 246 GHz emission.

The velocity profile of component 2 shows evidence for two components, one broad
and one much narrower component (see Fig. . The best two-component Gaussian
fit has a FWHM of 1100 £+ 65km/s for the broad, and 230 + 35km/s for the narrow
components. The centre of the narrow component is shifted ~ 360 km/s redward of the
systemic velocity of the [CI]2-1 line for component 1. The CO(7-6) emission line is also
detected for component 2, at a level of 4.80, which is more significant than the CO(7-6)
detection for component 1. The CO(7-6) line peaks at ~ 1275km/s relative to the centre
of the [CI]2-1 line, corresponding to a rest velocity for the CO(7-6) line of ~ 280 km/s. The
narrow component of the [CI]2-1 line and the CO(7-6) line both have an offset of 80 km/s
relative to the systemic redshift of component 1. Just as for component 1, separating
the two lines spectroscopically is difficult and we therefore calculate the integrated flux of
the [CI]2-1 line from —825km/s to 990km/s and the integrated flux of the CO(7-6) line
from 1000 km/s to 1490 km/s. We additionally derive the flux of the narrow and broad
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Figure 4.5: [CI)2-1 spectra and moment-0 maps for component 1, component 2 and the total [CI]2-1 and CO(7-6)
emission. Top row: The spectra extracted from beam sized areas for component 1, component 2 and the total. The areas
from which the spectra of component 1 and component 2 are extracted do not overlap. The Lorentzian profile for the
component 1 [CI]2-1 line (top left), the double Gaussian profile for the component 2 [CI]2-1 line (top middle) and the single
Gaussian fits for the two CO(7-6) lines are over-plotted as black curves. The sum of the Lorentzian and Gaussian profiles
is over-plotted in black in the total spectrum (top right). The dashed lines mark the O-velocity of the [CI]2-1 frequency
at z = 2.1606, and the dotted lines mark the O-velocity for the CO(7-6) frequency at the same redshift. This redshift is
in agreement with the redshift determined from the CO(1-0) line (Emonts et al) [2013). The dotted-dashed line marks

the 0-velocity of the [CI]2-1 frequency at z = 2.156 determined from the Hell A1640A line (which as a non-resonant line,

should represent the systemic velocity of the AGN, [Humphrey et al.}2008)). Bottom row: The moment-0 maps of the [CI]2-1

emission from component 1 (bottom left), component 2 (bottom middle) and the total (bottom right) [CI]2-1 emission and
zoom-ins of the centres of the images. The total [CI]2-1 moment-0 maps is overlaid with [CI]2—1 line contours of component

land 2. The blue and red crosses indicate the peaks of the [CI]2—1 emission of component 1 (blue) and component 2 (red).
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components separately, by integrating the fitted Gaussian profiles. The CO(7-6) to [CI|2-
1 line luminosity ratio is 0.14, lower than for component 1. The two components have a
[CI]2-1 line peak ratio of 1.7, and a CO(7-6) line peak ratio of 0.4.

The total spectrum of the two components (see Fig. right) clearly shows a double
peaked [CI]2-1 line and a broad CO(7-6) line. We sum the Lorentzian fit of component
1 and the two Gaussian fits of component 2, which results in a profile that fits well the
observed integrated [CI|2-1 line of both components. We likewise sum the two single
Gaussians fitted to the CO(7-6) lines in component 1 and component 2. The full [CI]2-1
plus CO(7-6) profile is over-plotted on the full spectrum in the top right panel of Fig.
The CO(7-6) line in the total spectrum is even broader than for component 1 and 2,
making the separation even more difficult. We therefore calculate the [CI]2-1 integrated
line flux from —590km/s to 700km/s and the CO(7-6) integrated line flux is integrated
from 700km/s to 1390 km/s. The CO(7-6) to [CI]2-1 line luminosity ratio for the total
spectrum is 0.2, the same as for component 1.

The companion source

We detect line emission in companion #10 ~ 20 kpc to the west of the HzRG (see Fig. .
SINFONI spectroscopy of this companion shows line emission from He, [OII] and OIII],
and that companion #10 has a velocity offset of ~ —1360km /s, corresponding to a redshift
of z = 2.1446 (Kuiper et al.,|2011)). Unfortunately, the [CI|2-1 is shifted out of the observed
band at this redshift and the H5O line falls in a gap in the response of the band. However,
the CO(7-6) line is offset by 997 km /s from the [CI]2-1 line and therefore still lies within the
band at this redshift. We identify the detected emission line as CO(7-6) line emission from
companion #10 (see Fig. . It is therefore highly likely that the 246 GHz continuum
emission that we detect at this position is related to companion #10. This CO(7-6) line
can be fitted with a Gaussian profile with a FWHM of 130 £+ 20km/s and the integrated
line flux from -170 km/s to 150 km/s of 0.0840.01 Jy km/s (Table [£.2). We do not detect
any line emission at the position of the tentative 246 GHz continuum companion #8.

4.3.3 H,O0 line emission

We detect emission from the HyO 217 — 299 transition ~ 25kpc to the west and ~ 50 kpc to
the east of the radio core at the expected observed frequency for H,O at z = 2.1606. The
western 4o detection is located just south of the strongest 246 GHz continuum companion,
at the bend of the radio jet i.e. at radio knot B4 (see Fig. . The eastern 3.70 detection
is located west of the radio knot A (see Fig. [4.7)). To establish that this emission is real we
perform a ’Jackknife’ test, cutting the observed time in half. The two H,O lines show up in
both halves of the data with a = 20 significance, which suggests that the emission lines are
real and not simply noise peaks. Fitting Gaussian profiles to the emission lines result in
FWHMs and relative velocities of 230 £ 50 and 160+20 km /s for the western detection and
350 &+ 70 and 1254+30km/s for the eastern detection respectively. No 246 GHz continuum
emission is detected at the positions of the two HyO detections down to an RMS of 40 pJy,
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Figure 4.6: Bottom panel: Moment-0 map of the CO(7-6) emission at the position of the brightest companion. Top
panel: The spectrum extracted from the beam size area shown by the light blue ellipse at the position of the companion

sources in the bottom panel and is binned to 30 km/s channels. The spectrum shows both the continuum and CO(7-6) line

emission. The redshift of the line is consistent with the optical z = 2.1446 (Kuiper et all 2011) which was taken as zero

velocity in the spectrum.
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Transition Frequency Position SdV FWHM

GHz RA dec Jykm/s km/s km /s
West
H,O 752.03 11:40:48.82  -26:29:9.580  0.05£0.01 230 £ 50 —
East
H,O 752.03 11:40:48.11  -26:29:9.970 0.1 +£0.02 350 £ 70 —
component 1
CO(7-6) 806.65 11:40:48.33  -26:29:8.582  0.134+0.02 435+ 85 —
[CI]2-1 809.34 11:40:48.33  -26:29:8.582  0.66 £0.02 270 £ 15 —
component 2
CO(7-6) 806.65 11:40:48.36  -26:29:8.822 0.11 £0.01 230 £ 35 —
[CI1]2-1 809.34 11:40:48.36  -26:29:8.822  0.79 £0.03* 1100465 205+ 20
component 1+ component 2
H,0 752.03  11:40:48.33 -26:29:8.582 < 0.9 — —
CO(7-6) 806.65 11:40:48.33  -26:29:8.582  0.28 £0.02 720+ 110 —
[CI]2-1 809.34 11:40:48.33  -26:29:8.582  1.30 £0.03 420+ 30 280+ 40
Companion #10
CO(7-6) 806.65 11:40:48.15 -26:29:09.075 0.08 £0.01 130 £ 20 —

Table 4.2: The H>O, [CI]2-1 and CO(7-6) emission line positions, velocity integrated fluxes and FWHMs. Fluxes and

fitted FWHMs are given for [CI]2-1 component 1, 2, total and the HoO components. The spectra are extracted within a

synthesised beam size which for the [CI]2-1 observations is 0772 x 0”45 with pa 87.4° and for the HoO observations is 0794 x
0”56 with pa —84.1°. “The [CI]2-1 flux is composed of 0.63+0.03 Jy km/s for the broad velocity gas, and 0.164+0.03 Jy km/s

for the narrow velocity gas. ®The 3¢ upper limit of the HoO emission taking to be 3x the RMS in 60 km/s wide channels

and assuming a width of the line to be that of the CO(7-6) line.
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and no HyO emission line is detected at the position of the HzRG (see Fig. down to
an RMS of 40 uJy in 60 km/s wide channels; assuming the 720 km/s width of the CO(7-6)
line from the total spectrum, yields a 30 upper limit of 0.9 Jy km/s.

4.4 Analysis and discussion

The lines we have detected in the Spiderweb Galaxy are useful for a wide range of gas
diagnostics. The atomic forbidden line of carbon, [CI]2-1, is a good tracer of relatively
diffuse, low extinction molecular gas (e.g. Papadopoulos et al., 2004)), as its line strength is
linearly proportional to the column density of molecular gas (Glover et al., 2015). CO(7-
6) emission is strong in dense, highly excited optically thick molecular gas. The thermal
dust continuum over the range of a few 100 GHz represents the cooling of dust heated
by the intense stellar and AGN radiation fields within the Spiderweb Galaxy. The HyO
211 — 202 line is excited both in slow shocks (10 — 40km/s) in dense molecular gas (10375
cm™3; |Flower & Pineau Des Foréts, 2010) or by IR pumping (e.g. van der Werf et al.|
2011). Thus our data, in principle, probe a wide range of conditions and heating/excitation

mechanisms in (relatively dense) molecular and atomic gas.

4.4.1 Diffuse and dense molecular gas
Line velocity profiles

Fitting of Lorentzian and Gaussian profiles for the emission line shows that the [CI|2-1
and CO(7-6) lines component 1 and 2 have very different velocity profiles. Figure
compares the velocity profiles of the [CI]2-1 and CO(7-6) emission lines for component 1
(left), component 2 (middle) and the total (right). Both the [CI]2-1 and CO(7-6) emission
lines of component 1 are broad, but though [CI]2-1 and CO(7-6) do not trace exactly the
same phases of the molecular gas, the broadness of the two lines does suggest that the two
phases are related. The velocity profiles of the [CI|2-1 and CO(7-6) lines for component
2 show similarities between the narrow [CI]2-1 component and the CO(7-6) line. The
broad [CI]2-1 component is not seen in the CO(7-6) line because of both limited spectral
coverage of our observations on the high velocity end of our bandpass, and limited S/N of
this faint line. The fact that the narrow velocity gas in component 2 is detected in both
[CI]2-1 and CO(7-6) emission and with similar FWHM indicate that this is a well-defined
object. High spatial resolution observations would be required to determine if this is a
separate self-gravitating object, or a kinematic feature within the same physical object.
The broadness of the CO(7-6) emission in the total spectrum indicates that this emission
is dominated by the CO(7-6) emission from component 1.

The CO(7-6) lines for both component 1 and 2, show an offset from the systemic
redshift of ~ 90 — 100km/s. A similar offset between the [CI] and CO lines is seen in a
study of H1413+117 (the Cloverleaf Galaxy) by |Weif et al. (2003). They conclude that
the reason for the shift is unclear, but that gravitational amplification should not alter the
frequency of the lines, unless the distribution of the [CI] and CO emitting gas is different.
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Figure 4.7: The non-continuum subtracted H5O spectra for the detection of the west and east and the non detection
at the position at the HzRG and H2O moment-0 map. Top left panel: The H2O line detected ~ 50kpc to the east of the
radio core, has a 3.70 significance. The emission is located due west of the knot A in the radio jet. The fitted Gaussian is
over-plotted in orange. Top middle panel: Spectrum at the position of the radio core, shows no detection of HoO emission —
only continuum emission. A small separation between the two spectral windows results in the gap in the continuum between
—1300 and —1500km/s. Top right panel: The H2O line detected ~ 25kpc to the west of the radio core, showing a 4o
H2O detection at the expected frequency for z = 2.161. The emission is located at the bend of the radio jet, B4
. The best fit Gaussian is over-plotted in orange. Bottom panel: Moment-0 map of the HoO emission (without

continuum subtraction), overlaid with the 246 GHz continuum emission in green contours. The orange ellipses mark the HoO

emission and the orange-red diamonds the positions of the knots in the radio jet given by [Pentericci et al.| (1997).
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Figure 4.8: The [CI]2-1 spectra (dark blue, dark red and black histograms) for component 1, component 2 and the total
over-plotted with the respective CO(7-6) lines (light blue, orange and white histograms) to compare the velocity profiles.
The fitted profiles from § [4-3] are over-plotted as black curves, with the individual velocity components as dotted lines. The
narrow [CI]2-1 component of component 2 is offset by 365km/s from the systemic redshift. The bar above the velocity
profiles in the right plot, marked the Hell redshift and errors (olive bar) from [Roettgering et al.| (1997) and the CO(1-0)
redshift and error (blue bar) from |Emonts et al.| (2013])).

The [CI] and CO lines for the Cloverleaf Galaxy have low S/N, |Weif§ et al.| (2003) therefore
conclude that high S/N observations are necessary to confirm the offset and its origin, but
that, if it is genuine, it is most likely due to opacity effects. Since we here see a similar
offset for the Spiderweb Galaxy, which is an un-lensed source, differential lensing cannot
be the cause of this offset, however, differences in the opacity of the two lines can. The
CO(7-6) line has a higher optical depth (7co(7-6) = 1 — 10, |Spilker et al.[2014)) than the
[CT]2-1 line (7cp = 0.1, [WeiB et al.| 2003), meaning that the CO(7-6) emitted photons
go through internal absorption and emission. The line photons whose frequencies have
been shifted away from the systemic frequency of the CO(7-6) emission line, have a higher
probability of escaping, thus shifting the overall observed frequency.

The Ha line for the Spiderweb Galaxy was detected with SINFONI (Nesvadba et al.,
2006)) and ISAAC (Humphrey et al., 2008)). The Ha (A6550), [NII] (A 6585) lines and [SII]
(AN6718, 6733) doublet are spectrally very close and the lines are therefore blended to-
gether. Both studies fit the blended lines with multiple Gaussians. Nesvadba et al.| (2006])
finds FWHM = 14900 km/s for the AGN component and FWHM < 2400km/s for the
emission originating from a region surrounding the AGN. This is the same order of magni-
tude as what Humphrey et al. (2008) find by fitting a six Gaussian profiles, including two
Ha components. These two Ha components consist of a transmitted broad line region from
the AGN (FWHM = 13900 500 km/s), and a component with FWHM = 1200480 km/s.
The relatively low spectral resolution of the ISAAC spectrum does not allow for a further
de-blending of the lines. However, the Ha line profile does show the presence of a broad
and narrow component, similar to what we observe in the [CI]2-1 emission of component 2.
This strengthens the idea that the [CI|2-1 emission traces the bulk of the gas in the galaxy,
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Figure 4.9: The CO(7-6) vs the [CI]2-1 luminosity for a sample of high-z SMGs and QSO (grey circles) and the Spiderweb
Galaxy (red circles). The dotted curve is the 1-1 relation.

which is consistent with the [CI] emitting gas being distributed throughout and generally
tracing gas of moderate extinctions and relatively low density molecular gas (Papadopoulos
et al., 2004)).

The large widths of the lines can be explained as a gas-rich merger. The SINFONI
spectral study of the Spiderweb Galaxy by Kuiper et al.| (2011) shows dynamics of the
galaxies surrounding the radio galaxy itself. They detected rest-frame optical emission
lines with line centres covering a velocity range of ~1500km/s (2.158 < z < 2.173),
which suggests two groups (or regions) of galaxies likely flowing into the circum-galactic
environment. The velocity distribution they find in the satellite galaxies is bi-modal in
redshift, with the redshifted and blue shifted galaxies on approximately opposite sides in
projection of the radio galaxy. Comparing this distribution of velocities and galaxies with
a massive halo at z ~ 2 in the Millennium Simulation, shows similar velocity differences
and dispersions of satellite galaxies. |Kuiper et al.| (2011)) conclude that the Spiderweb
Galaxy is best described by a merger of two galaxy groups or flows. This merger scenario
can likewise explain the broad [CI]2-1 and Ho emission lines seen in the immediate region
of the radio galaxy although the velocities of the [CI]2-1 or CO is in general much smaller
(see also Emonts et al., [2015al in prep.).

Line ratios

The utility of using the [CI| emission lines as tracers of the Hy column density has been
examined by [Papadopoulos et al.| (2004)) by considering the [CI]2-1 to CO line ratio. The
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[CT] lines, [CI]*P; —3 Py ([CI]1-0) and [CI] 3P, —3 P, ([CI]2-1), have critical densities of
Nerjcni-o ~ H00em™ and nejera1 ~ 10° cm ™, similar to that of CO(1-0) and CO(2-1),
which are often used as Hy tracers. The [CI] lines have low to moderate optical depths
(1 =~ 0.1—1,|Weif} et al.|2003)), which means that these lines have the advantage, compared
to CO, of tracing higher column-density cold diffuse molecular gas. The [CI] lines are
also more easily excited. These properties make the [CI] lines more direct tracers of the
molecular gas mass than the optically thick 2CO lines. Though the Hy-tracing capability
of [CI] decreases for low metallicities, Papadopoulos et al. (2004) conclude it is still a better
H, tracer than ?CO (see also |Glover et al., 2015)).

The ground-state transition, [CI]1-0, is the most direct Hy gas mass tracer of the two [CI]
lines because it is (relatively) less sensitive to the excitation conditions of the gas. However,
the [CI]2-1 is still a much better tracer of the Hy gas than the CO(7-6) line at similar
frequency. The much higher critical density of the CO(7-6) line of ne, co(r-6) ~ 3% 10% cm ™3
and higher excitation energy of Er/k ~ 155K, compared to Fo/k ~ 62K for the [CI]2-
1 line, means that the [CI]2-1 and CO(7-6) lines are unlikely to trace exactly the same
molecular gas phases. The CO(7-6) line is likely tracing the higher density, more highly
excited molecular gas.

We searched the literature for high-z sources with observations of both the [CI]2-1 and
CO(7-6) emission lines and determined IR luminosities, and find nine lensed sub-millimetre
galaxies (SMG) and QSOs (see Table[4.3). To compare the lensed sources and the un-lensed
Spiderweb Galaxy, which have different luminosities, we normalise the [CI|2-1 and CO(7-6)
line luminosities by the IR luminosity, which cancels out the lensing magnification for the
lensed sources (assuming there is no differential lensing between the IR and line emission).
Figure [4.9 shows a positive correlation between these normalised line luminosities. The
only outlier in the comparison sample is the highly lensed Cloverleaf galaxy (Alloin et al.,
1997; [Weif3 et all 2003; van der Werf et al.| [2011). The Spiderweb Galaxy is an outlier,
but on the low side of the correlation.

Possible causes of observed line ratio

The Spiderweb Galaxy is, like the Cloverleaf galaxy, an outlier compared to lensed galaxies.
This unusually low CO(7-6)/[CI]2-1 line ratio can be due to the Spiderweb Galaxy being an
extraordinary HzRG, with a highly unusual ratio between the diffuse and dense molecular
gas, or due to impact of cosmic-ray heating and ionisation, or differential lensing.
Comparing Lo, = 1.2 X 10" Kkm/s pc? with Looa_g = 6.5 % 10" Kkm /s pc?
(Emonts et al |2013), we find that the CO(7-6) emission is only 18% of the value for ther-
malised gas. This indicates that the molecular gas phase is not thermalised and dominated
by the cold and diffuse gas, traced by the [CI]2-1 emission line ﬂ Alternatively, a fraction
of the CO in the Spiderweb Galaxy may be dissociated by cosmic-rays, increasing the
fraction of atomic carbon in the molecular gas without strongly affecting the excitation of

!Note, however, that the high spatial resolution of the ALMA observation means that up to 2/3 of the
CO(7-6) emission may not be detected due to lack of sensitivity to very extended, low surface-brightness
line emission (Emonts et al. 2016, in prep).
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[CI]2-1 or the ionisation state of carbon (Bisbas et al., 2015). In the circum-nuclear region
of a powerful radio galaxy, it is likely that cosmic-rays may have a significant impact on
the nature of the molecular gas. More observations of other atomic and molecular species
in the Spiderweb Galaxy are necessary to investigate this quantitatively.

However, since the comparison sample are all lensed galaxies, the difference could also
be caused by differential lensing in the comparison sample. Dense (traced by CO(8-7))
and diffuse (traced by [CI]2-1) gas in galaxies is may be subject to differential lensing,
where the emission from the densest gas have a higher overall magnification than the
diffuse gas. [Serjeant| (2012) showed that for lensing magnifications p > 2, the CO ladder
can be strongly distorted by differential lensing. Since all the SMGs and QSOs listed in
Table have a magnification p > 2 it may be that their line ratios are all influenced
by the affect of differential lensing. If so, this implies that the CO(7-6) emission likely
has a higher magnification than the [CI]2-1 emission, which would mean that the intrinsic
CO(8-7)/[CI]2-1 ratio would be lower. We note however, that although some of the data
are limited by S/N and/or low resolution, the line profiles of CO(7-6) and [CI|2-1 are
consistent with each other (see references listed in Table [£.3). While not conclusive, the
similarity of their dynamics suggests that the gas probed by CO(7-6) and [CI]2-1 follow
the same over all dynamics and are perhaps not strongly affected by differential lensing.

We are planning to extend our ALMA [CI] observations to eight HzRGs to verify if this
low CO/|[CI] ratio is a common feature and also more detailed studies of the Spiderweb
Galaxy to investigate this puzzle.

4.4.2 Cooling of the post-shock gas due to slow molecular shocks
in halos

Interestingly, the two regions of HoO emission that we detect do not appear to be associated
with significant dust continuum emission. This is a puzzle as a close association between
a dense gas tracer such as the HyO and dust is expected, as the excitation of the HyO
emission in other high-z (lensed) sources has been attributed to IR pumping (van der Werf
et al., 2011; |Omont et al. [2013). Moreover, no HyO emission is detected at the position
of the HzRG (Fig. , which is surprising given its strong IR emission and high rate of
mechanical energy injection via the radio jets (Fig. [£.7)). Specifically, (Omont et al| (2013)
detected H,O seven high-z lensed sources from the H-ATLAS survey. Five were detected
in HoO 277 — 2o emission, and three in HyO 2¢5 — 177 emission. Comparing these HyO
detections to the 8-1000 ym IR luminosity (Omont et al.| (2013)) find a correlation between
the IR and H5O line luminosity of Ly,o0 = Lllf{l_m, with the exact exponent depending on
which of the two H,O lines is used in the analysis. From this relation, they conclude that
IR pumping is the most likely mechanism for exciting the water molecules and their line
emission. This is consistent with HyO tracing dense gas surrounding regions of intense star
formation. Furthermore, a similar conclusion was reached in a somewhat more detailed
study of the HyO emission from the lensed QSO, APM 0827945255 at z = 3.9 (van der
Werf et al., 2011). In order to constrain the excitation of HyO, van der Werf et al.| (2011))
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Figure 4.10: The Lu,0/Lir-ratio versus intrinsic Lig for the HoO detections from |Omont et al.|2013| along with the
H>O detection for the Spiderweb Galaxy. The grey circles are sources from |Omont et al.|[2013| with directed detections of
the 202 — 111 line and the grey triangles are sources with 211 — 2p2 detection scaled using Mrk231 as a template to get an
estimate on the 202 — 111 luminosity. The Spiderweb Galaxy is marked with the red point. We here plot the summed H2O

emission of the Western and Eastern detection, as the IR luminosity is integrated over the full source.

observed four HyO lines with a range of excitation energies (321 — 31,2, 422 — 413, 202 — 111,
and 217 — 292). Crucially, they were able to tightly constrain the brightness of a very low
lying level of HyO (the 119 — 1¢; line), which is predicted to be strong in collisionally excited
gas (Flower & Pineau Des Foreéts, [2010). Thus while the strength and ratios of the more
highly excited lines, such as 295 — 117 and 211 — 2¢2 were consistent with collisionally excited
gas, the relative weakness of the HoO 179 — 1g; line ruled out this excitation mechanism.
IR pumping is able to produce such strong high transition lines (i.e. the 39 — 312 and
499 —443) compared to the lower transitions (i.e. the 2p2 — 111 and 2;; — 2p2) and very weak
119 — 1g1 line. The same conclusions have been obtained at low redshift by Yang et al.
(2013)), who use 45 HoO emission lines at different rotational levels.

Figure plots Ly,o/Lir versus Lig and shows an anti-correlation for IR luminous
high-z lensed sources (Omont et al 2013 van der Werf et al., [2011)). SDP.81 is an outlier
in this relation, most likely due to an underestimating of the HoO luminosity because of low
S/N in the spectrum, and the large extent of the source (Omont et al., 2013)). We plot the
Spiderweb Galaxy as the sum of the H,O luminosities of the western and eastern detections
and the total infrared luminosity. The HO emission originates from two small regions,
and any more widespread emission would not be detected due to the lack sensitivity of
our ALMA data on larger spatial scales. The IRAM Plateau de Bure observations of the
comparison sample of Omont et al.| (2013)) have 2 to 7x larger synthesised beam sizes, and
may be more sensitive to emission at larger scales. The Ly,o/Lpr ratio for the Spiderweb



4.4 Analysis and discussion 123

Galaxy is therefore a lower limit and shows that it is an outlier in this trend. The lack
of 246 GHz continuum emission at the HyO positions, which would imply a much larger
deviation from the trend, implies that the emission is not pumped by the IR emission. The
H,O detection is spatially located at the bend in the radio continuum emission (knot B3)
and upstream to the radio jet. Similarly, the eastern HoO detection upstream from knot
A in the radio emission, is likely associated with the jet which is projected onto the plane
of the sky. The most straight-forward explanation for the H,O emission at these positions,
the lack of associated significant 246 GHz continuum emission, and the offset from the
anti-correlation in Fig. [£.10] is that the HoO emitting gas is shock-heated and represents
strong cooling in post-shock heated gas by the passage of the radio jet. After the shock
impact, the molecular gas cools via HoO emission lines and various other species (Flower
& Pineau Des Forets, 2010). The small offset of the line peaks from the systemic [CI]2-1
redshift and the narrow average line width of 290 km/s of the two HyO lines, suggest slow
shocks within a very turbulent medium. In other words, the width of the lines represents
the dispersion of the clouds within which the mechanical energy is being dissipated. Please
note that HyO is one of the main carriers of oxygen along with CO, but has many more
radiative degrees of freedom, meaning that it can lose energy efficiently under a wide
range of (low energy) excitation conditions and thus contribute significantly to the overall
cooling of dense molecular gas (see discussion in |[Flower & Pineau Des Foréts, 2010).
Moreover, we emphasise that due to the position of the HoO emission in our bandpass,
higher negative offset velocity emission, such as that from companion # 10 would not lie
within our bandpass (Kuiper et al., 2011)).

Furthermore, it is unlikely that the dense molecular gas has been entrained during the
passage of the radio jet and lifted out of the radio galaxy or any of its companions. There
are several reasons why this is unlikely. First, both regions of HoO emission are almost at
the systemic velocity of the radio galaxy (as determined from CO(1-0), [CI]2-1 or CO(8-
7)). The H5O lines have systemic velocities that are significantly lower than any of the
companion galaxies with determined redshifts near the sites of H,O emission. Second, the
cooling time of the dense shock gas is of-order 103 — 10* yr for a 20km/s shock driven into
a gas with a density of 10°cm ™2 (Flower & Pineau Des Foréts, [2010), much shorter than
any plausible dynamical time. These facts suggest that the dense molecular gas is forming
in situ in the post-shocked gas after the passage of the radio jet. It is not surprising, within
this context, to see the emission near the bend in the jet and near the terminal hot spot of
the western radio lobe as these are sites where the interaction between the jet and ambient
medium are likely to be strong. In such strong interaction zones, dissipation of energy in
a turbulent cascade is important (e.g. Guillard et al., [2010)). The eastern terminal lobe of
the jet is, for example, the working surface of the jet as it propagates outwards, just the
region where you would expect strong dissipation of the bulk kinetic energy of the jet.

The molecular gas likely formed in situ in the post-shock gas, which has important
implications for the state of the circum-galactic halo and cluster gas. Recent observations
of the Spiderweb Galaxy using ATCA discovered a large region of CO(1-0) surrounding
the HzRG with strong emission near some of the radio knots and lobes suggesting that the
passage of the radio jet enhances the molecular column densities (Emonts et al. in prep.).
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Finding strong H5O line emission near the radio jet provides evidence of the formation of
molecular gas in the post-shocked gas of the expanding radio source (see |Guillard et al.
2010}, [2012; |/Appleton et al.; 2013] for a discussion of this mechanism in the violent collision
in the Stephan’s Quintet group). This is also substantiated by the low relative velocities
of the H,O emission which are consistent with the low velocities observed in the extended
diffuse CO emission. Such a mechanism might also explain the distribution of the CO
emission observed in local clusters (Salomé et al., 2011) and around other HzRGs (Emonts
et al 2014, and references therein). Finding HoO emission indicating strong dissipation
of the bulk kinetic energy of expanding radio jets provides a direct link between the jets
and the formation of molecular gas and stars in the halo of the radio galaxy.

4.4.3 Mass Estimates

As argued above, the [CI|2-1 line is a better tracer of the cold molecular gas than the high-
J CO lines, due to their lower critical density. We therefore use the [CI|2-1 to estimate
the total molecular gas mass, following the approach of Papadopoulos et al. (2004) and
Alaghband-Zadeh et al.| (2013):

Xieg] ™ Aoy 170 [SicyzadV
MH2:1375.8D§(1+Z)1[ [cu} x{ 2! ] Q3 {—[0”21

105 10-7s—1 21 Jy km s_l} ’ (4.1)
where Xjcoy is the [CI}-to-Hy abundance for which we adopt the literature-standard of
3 x 107, Q91 is the density dependent excitation factor for which we assume the median
value of 0.57 (see Papadopoulos et al., [2004)), and Ag; is the Einstein A coefficient of
2.68x107"s7!. We find a total Hy molecular gas mass for both components of 3.3x 10 M.
We note that this value depends on the adopted Qo;: for the highest (Q2; = 1.0, the M (H,)
drops to 2.2 x 10’ Mg, while for the lowest Q2 = 0.15, the M(H,) is 1.5 x 10 M,
The median value is close to M(Hy) = 6 x 1019 M, derived from CO(1-0) (Emonts et al.|
2013)). This total mass of diffuse molecular gas as probed by the [CI]2-1 emission is clearly
higher than the warm (7' > 300 K) molecular gas mass of order 107 to 10° M, (Ogle et al.|
2012)) which suggest an order of magnitude ratio of warm-to-cold molecular gas between
0.1 —10%. |Ogle et al.|(2012) suggest that the gas is heated by the radio jet from the AGN
interacting with the ambient ISM of the HzRG. Furthermore, Nesvadba et al.| (2006)) find
a mass of ionised gas of ~ 3 x 10° M. The gas masses of various components of the ISM of
the HzRG are up to one order of magnitude lower than the stellar mass of < 1.8 x 102 M,
(De Breuck et al.l 2010), suggesting that this is already a quite evolved galaxy.

For component 2, the Hy gas mass of the broad component is 1.6 x 10 M. We use
this to constrain the size of this region by knowing that M (Hy) < Mgy, = R - v*/G, and
the velocity from the FWHM (see Table we find that R < 60pc. Though uncertain,
this region has a size comparable to those of the obscuring torus and the inner narrow line
regions of QSOs, thus suggesting the presence of an additional radio quiet AGN, merging
with the radio loud AGN in component 1 (Emonts et al., 2015a). Applying the same
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Component My Lrm SFR
M) [Lo] (Mg yr~']
HzRG < 6.1 x10° < 4.4 x10" < 440

companion #8 <85 x 107 < 6.2 x 101 < 62
companion #10 < 6.5 x 107 < 4.7 x 101! < 47
Sum — <54 x 102 <549
Water (West) <7.0x10"7 <57 x 10" < 57
Water (East) <7.0x10" <57x10" < 57

Table 4.4: The estimated dust masses, FIR luminosities and SFRs for the HzZRG and companions using the measured
and listed in Table[f.T]and equation 1-5. The dust masses, FIR luminosities and SFRs are all upper limits, as the HzRG and

companion #10 have contribution from synchrotron emission and companion #8 is a tentative detection.

methods on component 1, which has a Hy gas mass of 1.7 x 1019 Mg, puts an upper limit
of 1kpc on the size of the emitting region.

To determine the dust mass, we need to integrate over the full SED of the dust emission.
As we only have a single observation at 235 GHz, we fix the shape of the SED by assuming
a greybody characterised by # = 1.5 and 7, = 40 K. Following the approach of |De Breuck
et al.| (2003), using,

SobsD%
M, = ,
(1 + Z)/id(yrest)B(Vresta Td)

where Sgps is the flux density at the observed frequency, Dy is the luminosity distance,
Ka(Vrest) 1s the rest-frequency mass absorption coefficient, which we here calculate by scaling
the 850 um absorption coefficient of 0.076 m?kg™! from Stevens et al. (2003) to 246 GHz
and B(Vpest, Ta) is the the Planck function for isothermal dust grain emission at a dust
temperature Ty (De Breuck et al., 2003), we derive a dust mass of My = 6.1 x 10® M, for
the HzRG. This is marginally higher than what was estimated by Stevens et al.|[2003 of
4.6 x 108 Mg, using the 850 um flux peak flux.

Using the same approach and assumed dust temperature, we find the dust masses of
the two companions #8 and #10 (see Table .

(4.2)

4.4.4 Star-formation rate

Using Spitzer and Herschel PACS+SPIRE photometry, Seymour et al.| (2012)) showed that
the strong AGN and vigorous star-formation contribute with roughly equal shares to the
IR luminosity in the Spiderweb Galaxy. While the AGN component dominates at the high
frequency end of the thermal dust emission, the star-formation is expected to contribute
> 90% of the flux at the observed (comparatively low) frequencies of our ALMA data.
However, the flux spectral index of the HzZRG and companion #10, implies that the flux at
these wavelength are likely to be contaminated by synchrotron emission. We can therefore
use our continuum flux to determine upper limits on the SFR in the host galaxy and the
companions.



126 4. ALMA Finds Dew Drops in the Dusty Spider’s Web

We estimate the SFR of the HzRG and companions by fixing the dust temperature and
emissivity index (as for the dust masses), and calculating Lgig using:

LFIR = 47TMd/ /ﬁ:d(yrest)B<Vresta Td)dya (43)
0

which yields
Lpg = 470 (B + 4]¢[8 + 4] D22~ (6% — 1)SobsVobs: (4.4)

where I" and ¢ are the Gamma and Riemann ¢ functions and & = hvyesy/kTq (De Breuck
et al., 2003). Again assuming 3 = 1.5 and Ty = 40K, we find the Lpr < 5.1 x 10*2 L, for
the HzRG, and < 7.2 x 10! L, for companion #8 and < 5.4 x 10" L, for companion #10

(see Table [4.4)). Using,
SFR = 0mrdsp(Lemr /10" Le) Mg yr™t, (4.5)

where dyr is the stellar mass function and dgp is the fraction of FIR emission heated
by the starburst, which we assume to be unity at these long wavelengths, the Lgr can
be converted to the SFR. We assume dyr = 1 and derive the SFRs of < 440 M, yr—!
for the HzRG, < 62Mg yr~! for companion #8 and < 47M, yr~! for companion #10
(see Table [4.4). The sum of the estimated FIR luminosity of the HzRG and the two
companion sources is higher than the total starburst-heated IR luminosity of 5.6 x 10'2L,
of Drouart et al|2014, less than the 7.9 x 10'?Lg, of [Seymour et al|(2012). We warn that
our approximation of the SED with a single grey body function with an assumed emissivity
index is rather crude; moreover the 246 GHz emission from the HzRG and companion #10
may also contain a contribution from synchrotron emission, which would over-estimate the
SFR.

The SFRs we determine here for the HzZRG and companion #10 and #8 are ~ 10 — 50
times higher than determined by Hatch et al.| (2009) using optical HST imaging. How-
ever, the continuum emission in both the HzRG and companion #10 are contaminated by
synchrotron emission.

4.5 Conclusions

We have observed the HzRG MRC1138-262 (the Spiderweb Galaxy) with ALMA Band 6
in Cycle 1 for 49 min on-source.

- We detect strong 246 GHz continuum emission at the position of the HzRG, weaker
246 GHz continuum emission for a companion to the west and tentative emission to the
north. Companion #10 of [Kuiper et al|(2011) at z = 2.1446 is the brightest of the two
companions and is detected in CO(8-T7), while [CI]2-1 is shifted out of the observed band.
The other companion is too weak to be detected in line emission.
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- The flat spectral indexes of the HzZRG and companion #10 suggest a contribution to
the 246 GHz continuum emission from synchrotron emission. This means the FIR lumi-
nosities and SFRs of these two components are upper limits.

- We detect strong [CI]2-1 emission in two components: one at the position of the
HzRG, and one with a small offset of 0’5 to the south-east from the central position. The
[CI]2-1 emitting components show significantly different velocity profiles: component 1
shows a Lorentzian profile, and component 2 is a double Gaussian with velocity widths of
250 and 1100 km/s.

- Using the molecular gas mass estimate of the broad [CI|2-1 of component 2, we put
an upper limit on the size of the emitting region of 60 pc. This size suggests the possible
existence of an additional radio quiet AGN, merging with the radio loud AGN in component
1.

- The CO(7-6)/[CI]2-1 line ratio for the Spiderweb Galaxy is lower than in a comparison
sample. This ratio can be due to a relatively low excitation molecular gas reservoir and/or
a strong cosmic ray field which preferentially destroys CO. As the comparison sample is
composed of only lensed sources from the literature, differential lensing may also have an
influence, where the dense CO(7-6) gas in the comparison sample is amplified more than
the more diffuse [CI]2-1 gas.

- We detect ~ 40 Hy0O emission lines at two positions: to the west at knot B4 (at
the bend) in the radio jet and to the east, upstream of knot A. No 246 GHz continuum
emission is detected at the position of the HyO emission lines, meaning that heating from
IR emission cannot be the source of the HyO emission. The positions (upstream of the two
knots in the radio jet), the lack of 246 GHz continuum emission at these positions and the
small offset of the line centres, are consistent with heating by slow shocks in dense molecular
gas. The relatively bright HoO emission indicates strong dissipation of the energy of the
expanding jets in the halo of MRC1138-262.

Multiple studies have established that the Spiderweb Galaxy is a system of merging
galaxies, and the likely progenitor of a c¢D galaxy. Our water detections upstream of the
main radio hotspots show that the radio jets can cause the gas in the ISM and inter-cluster
gas to cool, increasing the fraction of extended molecular gas (Emonts et al. 2016, in prep.).
The formation of this molecular reservoir likely supports the formation of the young stars
observed in the halo of MRC1138-262. The much brighter than expected [CI|2-1 emission
indicates the power of this line to study the detailed distribution of the molecular gas
reservoir in this intriguing source, and possibly other HzRGs.
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Chapter 5
Outlook

With the commissioning of new millimetre/sub-millimetre facilities (such as ALMA) and
extension and upgrade of exciting millimetre/sub-millimetre facilities (such as the PdBI to
NOEMA), this is a particular interesting time to study the ISM in high-z galaxies. These
facilities allow us to study the molecular and atomic star-forming and quiescent gas at
high redshift in more detail and in shorter observing time than has been possible before.
At the same time numerical simulations are reaching a point where they can resolve giant
molecular clouds on galaxy-scales.

An important task for future studies of molecular gas is to find a reliable CO-to-Hs
conversion factor or turn to other tools for determining the Hy mass in galaxies, such as
[CI] observations. The [CI] lines have been suggested to be a better tracer of the diffuse
molecular gas than low-J CO lines. But only with facilities available now has it become
possible to test this theory on large samples of high-z galaxies and compare with masses
estimated using low-J CO lines.

However the [CI] lines will not replace CO observations completely as the denser molec-
ular gas is poorly traced by the [CI] lines. Though molecular lines such as HCN, CS and
H;50 are gaining more and more attention to trace the dense molecular gas at high redshift,
it will still be a while until these lines will provide statistical samples. CO will therefore
still have a prominent role in future studies of molecular gas in high-z galaxies.

Though this is the era of millimetre and sub-millimetre studies, the power of multi-
wavelength studies should not be forgotten. Combining new and cutting edge facilities
and combining millimetre/sub-millimetre observations with optical or UV observations can
reveal components, structures and dynamics which would have been un-detected otherwise.
The combination of 3D data from ALMA and MUSE has proven to be highly efficient in
unraveling emission and absorbing components which are not visible in only one data cube.

We are privileged to be in an era with facilities allowing for detailed high-z studies, and
the future will bring even more facilities such as JWST, LOFAR, CCAT and many more,
which will all open windows in the study of the high-z Universe and hopefully a better
understanding of the evolutions of the Universe to what we see in our neighbourhood.
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