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The spectral energy distribution
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The spectral energy distribution
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Overview

Lecture 1: Detection methods and the galaxy census
Lecture 2: Dust and stellar mass
Lecture 3: Optical and sub-mm spectroscopy
- Spectroscopic confirmations
Lyman alpha and the IGM neutral hydrogen fraction

Cll] emission: origin and detections

Potential for kinematics

igh ionisation lines



Spectroscopic confirmation of galaxies in the EoR

Age of the Universe [Gyr]
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Spectroscopic confirmation of galaxies in the EoR

Absolute Magnitude Muv
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yman-o z=3-0

- Lya at 1216A is the
intrinsically the
brightest emission line
in the spectrum of SF
galaxies

* Due to resonant
scattering the Lya
fraction goes down.
Lya is mainly observed
In low-mass, low
metallicity systems
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yman-a, z=3-0
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yman-o. z>6
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yman-o, z>6

Consistent
results from
LBG follow-up
and LAE
narrowband
sources
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Konno et al. 2014



Neutral Hydrogen fraction of the IGM
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IS this the case for all z>7 LBGs?
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F, (107" erg cm™ sTTA™Y

Stark et al. 2017
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What makes these sources special”?

Two possibilities:

- These sources are
selected on [Olll] - the
source of ionising
photons can potentially
create an ionised bubble

+ These sources are bright
(>L*) and therefore likely
live In overdens regions -
dens regions might
reionise first
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Spectroscopic confirmation of galaxies in the EoR

Age of the Universe [Gyr]
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Lyman Break spectroscopy
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Grism spectroscopy
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Grism spectroscopy
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detections low redshift _
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Spectroscopic

Age of the Universe [Gyr]

confirmation of galaxies in the
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Low- and high-redshift spectroscopic tracers
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Low- and high-redshift spectroscopic tracers
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Low- and high-redshift spectroscopic tracers
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ALMA as a redshift machine?
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Liciy [Lo ]

Himiko revisited: faint but detectable [ClI]

Low surface-brightness
|ClI] at the origin of
SFR-Ljciy scatter?
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7Z=95.5
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ALMA [CIl] (non)c
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ALMA as a ‘redshift machine’
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High-EW [Olll] emitters
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—mission line signatures of Ha, [Olll]
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ALMA spectroscopic confirmations

Not selected on |
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What produces bright [Cll] emission®
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What produces bright [Cll] emission®

Bright [Cll] emitters
almost always
show bright UV
luminosity:
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Origin of [Cll] in the interstellar medium
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Origin of [Cll] in the interstellar medium
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Photo-electric effect

O B G as photoelectric

small dust grain
or PAH

FUV photons —  y/./e° eat
~6-136eV ~—> the gas

Herrera-Camus



[Cll] more easily excited in some sources”?
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One possible 1.5~
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ICIl] ‘halos’?

Stacking of z=5-7
sources: [ClI]
contribution from
diffuse gas in the
circumgalactic
medium (CGM)?
Evidence for
outflows?

Fujimoto et al. 2019

flux [mJy/arcsec?]
S

0.01 E.

radius |kpc]

5.0 10.0

—
-

N

. NO
B O rest-FIR
® rest-UV

NS
m

A
\ \
\

\ o\
\
I\ 1o M
\ 1
\
\
\
i
\

\
| 1 |

[CIT] 158 pm °

0.5
radius |arcsec]

1.0 1.5



The potential for kinematics from ALMA



IFU spectroscopy
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The promise of ALMA for kinematics using [ClI]

KMOS-3D: Ha @ z~2

o

[OIII]AS007A
out of K-band

o

[OIlA3727A
out of K-band
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KROSS: Ha @ z~1 KDS: [Olll] @ z~3.5



The promise of ALMA for kinematics using [ClI]

KMOS-3D: Ha @ z~2

o

[OIII]AS007A
out of K-band

o

[OIlA3727A
out of K-band

L LOCTMHSOIUSIAA

lookback time

ALMA band 6

) L0Z+UosLueH
arcsec
) L0Z+isuin|
[CIA158um into

-1.5 -05 0 05 1.5
KROSS: Ha @ z~1 KDS: [Olll] @ z~3.5



First low-resolution kinematic measurements
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Smooth accretion from the cosmic web as an
important mechanism for galaxy growth at z~7?

Smit et al. 2018



First low-resolution kinematic measurements

Bowler et al. 2017
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First low-resolution kinematic measurements

this work
2=6.8

o

Observational
classification
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systems
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First low-resolution kinematic measurements

offset [kpc]

offset [kpc]

Disk model works well, however mergers
or gas outflows are still possible

model model
high res convolved data residual
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Dynamical masses from [CII]

5-50% stellar mass
fraction suggest gas
rich systems - similar
to z~2-3 star-
forming disks
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Rotation vs. chaotic motion
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What fraction of the
galaxy population is
chaotic vs. settled?



Contribution of mergers vs smooth accretion
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At z>6 mergers and smooth
accretion might contribute equally
to stellar mass growth Duncan, etal., 2019



Simulation predictions for [Cl]

Simulations predict highly time
variable morphologies, but
ordered rotation is common

[CII] 157.6pm

kB
|

Pallottini, et al., 2017;2019

Katz, et al., 2019
see also Pawlik et al. 2011, Romano-Diaz et al. 2011, Feng et al. 2015



The promise of ALMA for kinematics using [ClI]

KMOS-3D: Ha @ z~2
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ighly ionised gas from spectroscopy
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The origin of ionising photons
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The origin of ionising photons
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The origin of ionising photons
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The origin of ionising photons
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The origin of ionising photons
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The origin of ionising photons

0.0 | '\ Hel {Hell ' Hell{Helll | L
- ) cr-cil ClII$CIV
| NIV NV

- IETei!
U)ﬁ

-0.5 | -
\

; =
/!
e’
Q0
2 L

-1.0 |- -

- HIHHII AG N

! N N N |
20 40 60 80 100
photon energy (eV)

Feltre et al., 2016

Expect NV 1238,1243A



High lonisation lines found at z~6-8

Clll @ z=7.73
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High ionisation lines found at z~6-8
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Classic BPT
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Photoionisation modelling
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The spatial distribution of CIV lines with lensing
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The origin of ionising photons
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ALMA olbservations of highly ionised lines
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Olll emission linked to UV bright star-formation?
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Spectroscopic line record with ALMA
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Summary

- Lya is now found deep in the Epoch of Reionisation - potentially
emerging from ionised bubbles

- ALMA Is starting to take over as the main way of obtaining
spectroscopic confirmations

- Bright and extended [CIl] emitters are now found in the Epoch
of Relonisation - kinematics of these galaxies could suggest
turbulent rotating systems 800 million years after the Big Bang

- Detection of high-ionisation lines indicate a hard radiation field in
the highest redshift galaxies - star-formation is a likely origin, but
some evidence for AGN too!



