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Great Observatories for the coming decades  
E-­‐ELT/TMT/GMT:	
  op,cal/IR	
  
	
  

Atacama	
  Large	
  Millimetre	
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(ALMA):	
  mm/submm	
  

James	
  Webb	
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cm/m	
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How did we choose the sites? 
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How did we choose the sites? 

(2 x 10-3  km-2) 



•  SKA2–Dish, –LOW: Bmax ≈ 300 km “core”, ≈3000+ km remote 
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•  SKA1–MID, –LOW: BMax = 156, 65 km 

SKA1 Configurations  
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Sensitivity Comparison 



	
  	
  	
  	
  

Survey Speed Comparison 



	
  	
  	
  	
  

Resolution Comparison 



Image Quality Comparison 

•  Single	
  SKA1	
  
track	
  equivalent	
  
to	
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Image Quality Comparison 

•  Single	
  SKA1-­‐Mid	
  snap-­‐shot	
  compared	
  to	
  
combina,on	
  of	
  snap-­‐shots	
  in	
  each	
  of	
  VLA	
  A+B+C+D	
  	
  



• SKA: will be one of the great physics machines 
of 21st Century and, when complete, one of the 
world’s engineering marvels. 

• Science goals: 
– Fundamental physics: Gravity, Dark Energy, 

Cosmic Magnetism 
– Astrophysics: Cosmic Dawn, First galaxies, galaxy 

assembly and evolution; proto-planetary discs, 
biomolecules, SETI + much more 

– The unknown: transients; +…???? 

SKA Science 
 



SKA Science Book:  

Science Director’s Report, BD-12-17 



 
•  Meeting Program based on advanced Chapter 

drafts  
•  135 self-contained chapters with 1200 contributors 
•  Published electronically in PoS May 2015 
•  Printed Book ~2000 pages, in 2 volumes now out 

–  Weighs in at 8.8 kg! 

SKA Science Book:  



SKA Science Book 2015 



Headline Science with SKA1 and SKA2 

SKA1 SKA2
Proto-planetary disks; imaging inside the 
snow/ice line (@ < 100pc), Searches for 

amino acids. 

Proto-planetary disks;  sub-AU imaging (@ < 
150 pc), Studies of amino acids. 

Targeted SETI: airport radar 10^4 nearby 
stars.

Ultra-sensitive SETI: airport radar 10^5 nearby 
star, TV ~10 stars.

1st detection of nHz-stochastic gravitational 
wave background. 

Gravitational wave astronomy of  discrete 
sources: constraining galaxy evolution, 
cosmological GWs and cosmic strings.

Discover and use  NS-NS and PSR-BH 
binaries to provide the best tests of gravity 

theories and General Relativity.

Find all ~40,000 visible pulsars in the Galaxy, 
use the most relativistic systems to test 

cosmic censorship and the no-hair theorem.

The role of magnetism from sub-galactic to 
Cosmic Web scales, the RM-grid @ 300/deg2.

The origin and amplification of cosmic 
magnetic fields, the RM-grid @ 5000/deg2.

Faraday tomography of extended sources, 
100pc resolution at 14Mpc, 1 kpc @ z ≈ 0.04.

Faraday tomography of extended sources, 
100pc resolution at 50Mpc, 1 kpc @ z ≈ 0.13.

Gas properties of 10^7 galaxies, <z> ≈ 0.3, 
evolution to z ≈ 1, BAO complement to Euclid.

Gas properties of 10^9 galaxies, <z> ≈ 1, 
evolution to z ≈ 5, world-class precision 

cosmology.

Detailed interstellar medium of nearby 
galaxies (3 Mpc) at 50pc resolution, diffuse 

IGM down to N_H < 10^17 at 1 kpc.

Detailed interstellar medium of nearby 
galaxies (10 Mpc) at 50pc resolution, diffuse 

IGM down to N_H < 10^17 at 1 kpc.

The Cradle of Life & Astrobiology

Strong-field Tests of Gravity with 
Pulsars and Black Holes

The Origin and Evolution of Cosmic 
Magnetism

Galaxy Evolution probed by Neutral 
Hydrogen



Headline Science with SKA1 and SKA2 

SKA1 SKA2
Use fast radio bursts to uncover the missing 

"normal" matter in the universe.

Fast radio bursts as unique probes of 
fundamental cosmological parameters and 

intergalactic magnetic fields.

Study feedback from the most energetic 
cosmic explosions and the disruption of stars 

by super-massive black holes.

Exploring the unknown: new exotic 
astrophysical phenomena in discovery phase 

space.

Star formation rates (10 M_Sun/yr  to z ~ 4). Star formation rates (10 M_Sun/yr to z ~ 10). 

Resolved star formation astrophysics (sub-kpc 
active regions at z ~ 1). 

 Resolved star formation astrophysics (sub-
kpc active regions at z ~ 6). 

Constraints on DE, modified gravity, the 
distribution & evolution of matter on super-

horizon scales: competitive to Euclid. 

Constraints on DE, modified gravity, the 
distribution & evolution of matter on super-

horizon scales: redefines state-of-art. 

Primordial non-Gaussianity and the matter 
dipole: 2x Euclid.

Primordial non-Gaussianity and the matter 
dipole: 10x Euclid.

Direct imaging of EoR structures (z = 6 - 12). Direct imaging of Cosmic Dawn structures           
(z = 12 - 30).

Power spectra of Cosmic Dawn down to 
arcmin scales, possible imaging at 10 arcmin. First glimpse of the Dark Ages (z > 30).

Cosmology & Dark Energy

Cosmic Dawn and the Epoch of 
Reionization

The Transient Radio Sky

Galaxy Evolution probed in the Radio 
Continuum



The Cradle of Life:  
Understanding planet formation 

SKA JVLA ALMA 

SKA JVLA 

(Hasegawa & 
Pudritz 2012) 

•  Measuring grain growth through planetesimal phase  
•  Resolving proto-planetary disks at 100 pc (SKA1) or 300 pc 

(SKA2) inside the snow/ice line, sub-AU scales with SKA2 



Finding all the pulsars in the Milky Way… 

•  Timing precision is expected to increase by factor ~100: nHz Grav. Waves 
•  Rare and exotic pulsars and binary systems: including PSR-BH systems! 
•  Testing cosmic censorship and no-hair theorem 
•  Current estimates are ~50% of population with SKA1, 100% with SKA2 

	
  
	
  -­‐	
  ~40,000	
  normal	
  pulsars	
  
	
  -­‐	
  ~2,000	
  millisecond	
  psrs	
  	
  
	
  -­‐	
  ~100	
  rela,vis,c	
  binaries	
  
	
  -­‐	
  first	
  pulsars	
  in	
  Galac,c	
  Centre	
  
	
  -­‐	
  first	
  extragalac,c	
  pulsars	
  

(Cordes	
  et	
  al.	
  2004,	
  Kramer	
  et	
  al.	
  2004,	
  Smits	
  et	
  al.	
  2008)	
  



Finding all the pulsars in the Milky Way… 

•  Timing precision is expected to increase by factor ~100: nHz Grav. Waves 
•  Rare and exotic pulsars and binary systems: including PSR-BH systems! 
•  Testing cosmic censorship and no-hair theorem 
•  Current estimates are ~50% of population with SKA1, 100% with SKA2 



Headline Magnetism Science 

•  3D magnetic tomography of the Galaxy and distant universe; 
from current 1 RM deg-2, SKA1: 300 deg-2 to SKA2: 5000 deg-2 

Today SKA1 SKA2 

Oppermann et al. (2012) ~40,000 extra-galactic RMs over 4π sr 



Headline Magnetism Science 

•  3D magnetic tomography of the Galaxy and distant universe; 
from current 1 RM deg-2, SKA1: 300 deg-2 to SKA2: 5000 deg-2 

The Astrophysical Journal, 767:150 (14pp), 2013 April 20 Akahori et al.

Figure 5. Two-dimensional RM map of the NGP with 30◦ × 30◦ FOV for ADON30. Panels from left to right show RM maps due to: the regular components of the
electron density and the GMF only; the random components only; both the regular and random components; and a map binned in 2◦ × 2◦ pixels. The Galactic celestial
coordinates are shown in the leftmost panel.
(A color version of this figure is available in the online journal.)

DM, which is determined only by the global, regular component,
is 22 and 25 pc cm−3 toward the NGP and SGP, respectively,
while the observed value is ∼23–26 pc cm−3. We note that the
NE2001 model, from which we get the regular component, was
designed to reproduce observations including DM. The EM in
our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
Appendix B.

2.3. Rotation Measure Map

The RM toward a source outside the Galaxy is defined as

RM (rad m−2) = 0.81
∫ 0

smax

neB‖ds, (3)

where ne, B‖, and the path length s are in units of cm−3, µG,
and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
SKA (Faulkner et al. 2010). The smaller FOV is also used to
check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
of pixels we use are Npix = 2562 and 1282 for 900 deg2 and
200 deg2 FOVs, respectively.

We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
the box beyond the side.

We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.

3. RESULTS

3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B‖ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.

Mao et al. (2010) showed binned maps of median RMs in
2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
to several degrees. In our model, such structures are mostly the
consequence of the random components of density and magnetic
field (rightmost panel). Our results indicate that the random
components mainly produce the observed RM structures on
scales less than several degrees, while the regular components
contribute to larger scale structures.

3.2. Contribution from Regular Components

We first examine the statistics of RMs in maps due to
the regular components alone. We calculated the average,
µ =

∑
RM/Npix, and the standard deviation, σ = {

∑
(RM −

µ)2/(Npix − 1)}1/2, in maps for the models and FOVs we
consider. The resulting values are shown in Table 3. The
average is mainly determined by the existence of the poloidal
component of the GMF; µ ∼ 0 rad m−2 without the poloidal
component, or µ ∼ −4.8 rad m−2 and +5.6 rad m−2 toward the
NGP and SGP, respectively, if the dipole poloidal component
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our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
Appendix B.
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The RM toward a source outside the Galaxy is defined as
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∫ 0
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where ne, B‖, and the path length s are in units of cm−3, µG,
and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
SKA (Faulkner et al. 2010). The smaller FOV is also used to
check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
of pixels we use are Npix = 2562 and 1282 for 900 deg2 and
200 deg2 FOVs, respectively.

We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
the box beyond the side.

We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.
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3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B‖ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.
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2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
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components mainly produce the observed RM structures on
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contribute to larger scale structures.
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DM, which is determined only by the global, regular component,
is 22 and 25 pc cm−3 toward the NGP and SGP, respectively,
while the observed value is ∼23–26 pc cm−3. We note that the
NE2001 model, from which we get the regular component, was
designed to reproduce observations including DM. The EM in
our model is 1.5 (1.0) and 2.3 (1.6) pc cm−6 toward the NGP
and SGP, respectively, for Vrms = 30 (15) km s−1, which is
in a good agreement with the observed value, ∼1–2 pc cm−6.
Our model also reproduces the overall distribution of EM at
|b| > 60◦ presented by Hill et al. (2008). Details are given in
Appendix B.
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∫ 0
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and pc, respectively. Conventionally RM is positive when the
LOS magnetic field points toward us, and smax is the maximum
distance along the LOS up to the outer edge of our model space.
In this paper, we calculate the RM only due to the GMF. We do
not include other possible contributions, such as the RM due to
the IGMF, the intrinsic RM at sources, and observational errors.
We discuss those in Section 4.

We consider a square FOV of 900 deg2 with 30◦ on a side
centered on each of the Galactic poles, which is comparable to
the FOVs of RM observations toward the NGP and SGP (Mao
et al. 2010; Stil et al. 2011). In addition, we also consider a
square FOV of 200 deg2 with 14.◦14 on a side. The smaller
FOV is roughly that proposed for the dense aperture array of the
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check the FOV dependence of RM statistics. To see structures
in angular separations of !0.◦3 for which the second-order SF of
observed RMs is available (Mao et al. 2010; Stil et al. 2011), we
choose the angular resolution of pixels to be "0.◦3. The numbers
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We calculate RMs with Equation (3) assuming one extra-
galactic radio source in each pixel, and construct mock RM
maps. For each map, we randomly rotate stacked simulation
boxes around the axis parallel to the regular magnetic field in
Table 1 (keeping the direction of the regular magnetic field)
and randomly shift box centers to avoid the repeat of the same
grid zones which would make artifacts in statistics. When the
integration reaches the top of a simulation box, the integration

proceeds into the next stacked box and the integration is contin-
ued. If the integration reaches the side of the simulation box, we
apply the periodic boundary condition to the side, and replicate
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We obtain 200 mock maps for each model listed in Table 1
and each FOV, and calculate statistical quantities. The quantities
shown below in Sections 3.3 and 3.4 are the averages for 200
RM maps.
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3.1. Two-dimensional Map

Figure 5 shows sample maps over a 30◦ ×30◦ FOV. Maps due
to the regular components in the model ADON (leftmost panel)
and due to the random components in one of the 200 simulations
for ADON30 (second panel) are shown. The combined map due
to the regular and random components (third panel) as well
as the binned map of median RMs in 2◦ × 2◦ pixels (rightmost
panel) are also shown. We can see that the regular components of
density and magnetic field alone produce large-scale structures
of up to the FOV size. The structures highlight B‖ as induced by
the radial and azimuthal components of the spiral and toroidal
fields (the model shown does not include a poloidal field).
The random components of density and magnetic field, on
the other hand, produce complex structures, such as clump-
like and filament-like features, on angular scales of ∼1◦–10◦.
Such structures persist in the combined map.

Mao et al. (2010) showed binned maps of median RMs in
2◦ × 2◦ pixels toward the NGP and SGP, which were produced
from observational data. The maps display structures of a few
to several degrees. In our model, such structures are mostly the
consequence of the random components of density and magnetic
field (rightmost panel). Our results indicate that the random
components mainly produce the observed RM structures on
scales less than several degrees, while the regular components
contribute to larger scale structures.
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We first examine the statistics of RMs in maps due to
the regular components alone. We calculated the average,
µ =
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consider. The resulting values are shown in Table 3. The
average is mainly determined by the existence of the poloidal
component of the GMF; µ ∼ 0 rad m−2 without the poloidal
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Today SKA1 SKA2 



Galaxy HI Evolution:  
out to z ~ 1 with SKA1 and z ~ 5 with SKA2 

(Simulations: Schaye et al. 2010, Images: Oosterloo 2014) 

•  Understanding galaxy assembly and the baryon cycle  
–  Determine the impact of galaxy environments 
–  Probe gas inflow and removal, diffuse gas NHI < 1017 cm-2 

–  Measure angular momentum build-up  
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Figure 5: Distribution over redshift of the four surveys given in Table 3 based on the S3-SAX
simulation (Obreschkow et al. (2009a,b))

5. Summary and conclusions

In summary, our current measurements of H I in the local universe, are the tip of the iceberg.
Semi-analytical and hydrodynamical models make predictions of galaxy H I properties which we
are poised to test with upcoming surveys on SKA precursor instruments such as the JVLA, APER-
TIF, ASKAP and MeerKAT. The SKA-1 will enable us to follow up these surveys to greater depth
in redshift and with greater sensitivities and higher resolution, and together with data at other wave-
lengths will allow us to build up a more comprehensive picture of galaxy evolution over more than
half the age of the universe. With the advent of the full SKA, we will be able to probe the evolution
of the H I content and kinematics of galaxies back to z ⇠ 2, the epoch at which the cosmic star
formation rate density was at its peak and carry out the billion galaxy survey required for precision
cosmology.
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Galaxy HI Evolution:  
out to z ~ 1 with SKA1 and z ~ 5 with SKA2 

•  Understanding galaxy assembly and the baryon cycle  
–  Determine the impact of galaxy environments 
–  Probe gas inflow and removal, diffuse gas NHI < 1017 cm-2 

–  Measure angular momentum build-up  



The Transient radio sky 

•  Perhaps 10 – 15 celestial “FRB” events now detected (after first “Lorimer” burst): 
  S = 0.5 – 2 Jy, Δt = 1 – 6 msec, DM = 500 – 2000 cm-3 pc 

•  Estimated event rate: 3x103 sky-1 day-1  
•  Unknown origin, likely at cosmological distances (Keane et al 2016) 
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The Transient radio sky 

•  Perhaps 10 – 15 celestial “FRB” events now detected (after first “Lorimer” burst): 
  S = 0.5 – 2 Jy, Δt = 1 – 6 msec, DM = 500 – 2000 cm-3 pc 

•  Estimated event rate: 3x103 sky-1 day-1  
•  Unknown origin, likely at cosmological distances (Keane et al 2016) 
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From fitting ΛCDM cosmological models to Wilkinson Microwave 
Anisotropy Probe (WMAP) observations one derives12 the cosmic 
density of all baryons Ωbaryons = 0.046 ± 0.002. Of these, about 10% 
are not ionized or are in stellar interiors23 so that we expect to meas-
ure a cosmic density of ionized baryons in the intergalactic medium 
of ΩIGM ≈ 0.9 × Ωbaryons ≈ 0.041 ± 0.002. Thus, our measurement 
independently verifies the ΛCDM model and the WMAP observa-
tions, and constitutes a direct measurement of the ionized material 
associated with all of the baryonic matter in the direction of the FRB, 
including the so-called “missing baryons”24. Alternatively, if we take 
ΩIGM ≡ 0.041, our measurements show that DMhost is negligible.

FRB localization allows us to correct a number of observable quantities 
that are corrupted by the unknown gain correction factor owing to a lack 
of knowledge of the true position within the telescope beam. Accounting 
for the frequency-dependent beam response25 we can derive a true spectral 
index for the FRB. We obtain α = +1.3 ± 0.5 for a fit centred at 1.382 GHz. 

Similarly, we derive a corrected flux density and fluence, and these, in com-
bination with the redshift measurement, enable us to derive the distances, 
the energy released, the luminosity and other parameters (Table 1).

In considering the nature of the progenitor we first consider the host 
galaxy. An upper limit to the star-formation rate can be determined 
from the upper limit Hα luminosity indicated by the Subaru spectrum 
(see Methods) to be ≤0.2M◉ yr−1, where M◉ is the solar mass. Such 
a low star-formation rate implies, in the simplest interpretation, that 
FRB models directly related to recent star formation such as magnetar 
flares or blitzars are disfavoured. This problem might be avoided if either 
some residual star formation occurred in an otherwise ‘dead’ galaxy, 
or if the FRB originated in one of the many satellite galaxies that are 
expected to surround an elliptical galaxy at this redshift, but that cannot 
be resolved in our observations. Failing these, the lack of star formation 
favours models such as compact merger events. This may be supported 
by the existence of the ∼6-day radio transient, which we interpret as 

Figure 3 | Optical analysis of the FRB host galaxy. a, A wide-field 
composite false-colour RGB (red–green–blue) image, overplotted with 
the half-power beam pattern of the Parkes multi-beam receiver. Panels 
b and c show successive zooms on the beam 4 region, and on the fading 
ATCA transient location respectively. P200 K s denotes the Palomar 
telescope 200-inch Ks band. Panel d is further zoomed in with the error 
ellipses for the ATCA transient, as derived from both the first and 

second epoch, overplotted. e, The Subaru FOCAS spectrum de-reddened 
with E(B − V) = 1.2, smoothed by five pixels and fitted to an elliptical 
galaxy template at z = 0.492, denoted by the blue line. Common atomic 
transitions observed in galaxies are denoted by vertical dashed lines 
and yellow lines denote bright night sky lines. The Subaru r′ and i′ filter 
bandpasses are denoted by light red and grey background shading. The red 
line is the 1σ per pixel uncertainty (not smoothed).
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The host galaxy of a fast radio burst
E. F. Keane1,2,3, S. Johnston4, S. Bhandari2,3, E. Barr2, N. D. R. Bhat3,5, M. Burgay6, M. Caleb2,3,7, C. Flynn2,3, A. Jameson2,3,  
M. Kramer8,9, E. Petroff2,3,4, A. Possenti6, W. van Straten2, M. Bailes2,3, S. Burke-Spolaor10, R. P. Eatough8, B. W. Stappers9,  
T. Totani11, M. Honma12,13, H. Furusawa12, T. Hattori14, T. Morokuma15,16, Y. Niino12, H. Sugai16, T. Terai14, N. Tominaga16,17,  
S. Yamasaki11, N. Yasuda16, R. Allen2, J. Cooke2,3, J. Jencson18, M. M. Kasliwal18, D. L. Kaplan19, S. J. Tingay3,5, A. Williams5,  
R. Wayth3,5, P. Chandra20, D. Perrodin6, M. Berezina8, M. Mickaliger9 & C. Bassa21

In recent years, millisecond-duration radio signals originating in 
distant galaxies appear to have been discovered in the so-called 
fast radio bursts1–9. These signals are dispersed according to a 
precise physical law and this dispersion is a key observable quantity, 
which, in tandem with a redshift measurement, can be used for 
fundamental physical investigations10,11. Every fast radio burst has 
a dispersion measurement, but none before now have had a redshift 
measurement, because of the difficulty in pinpointing their celestial 
coordinates. Here we report the discovery of a fast radio burst and 
the identification of a fading radio transient lasting ∼6 days after 
the event, which we use to identify the host galaxy; we measure the 
galaxy’s redshift to be z = 0.492 ± 0.008. The dispersion measure 
and redshift, in combination, provide a direct measurement of the 
cosmic density of ionized baryons in the intergalactic medium of 
ΩIGM = 4.9 ± 1.3 per cent, in agreement with the expectation from 
the Wilkinson Microwave Anisotropy Probe12, and including all 
of the so-called ‘missing baryons’. The ∼6-day radio transient is 
largely consistent with the radio afterglow of a short γ-ray burst13, 
and its existence and timescale do not support progenitor models 
such as giant pulses from pulsars, and supernovae. This contrasts 
with the interpretation8 of another recently discovered fast radio 
burst, suggesting that there are at least two classes of bursts.

As part of the SUrvey for Pulsars and Extragalactic Radio Bursts 
(SUPERB) project at the Parkes radio telescope, we perform real-time 
searches of the sky at high time resolution (see Methods). On 2015 
April 18 utc we detected a fast radio burst (FRB) which we refer to as 
FRB 150418. Its dispersion measure (DM) is 776.2(5) cm−3 pc, which is 
4.1 times the maximum Galactic contribution expected from this line of 
sight through the Milky Way14. (Throughout, the figure in parentheses 
indicates the uncertainty in the last digit.) The utc at which the FRB 
was detected is 04:29:07.056 at 1,382 MHz, or 04:29:05.370 at infinite 
frequency with the dispersion delay removed (Fig. 1). The observed 
pulse width is 0.8 ± 0.3 ms, consistent with dispersion smearing due to 
the finite frequency resolution of the spectrometer, indicating that the 
intrinsic width is unresolved. No scattering is evident, consistent with the 
expected contribution from the Galaxy, which is ≪1 ms at this latitude15. 
The linear polarization is not large at 8.5 ± 1.5% and the circular polariza-
tion is consistent with zero. Given the low level of linear polarization the 
rotation measure is not known precisely and is 36 ± 52 rad m−2. In 13 h 
of follow-up observations no repeat burst was detected (see Methods).

Upon detection of FRB 150418 at Parkes, a network of telescopes was 
triggered across a wide range of wavelengths (see Methods). Beginning 
two hours after the FRB, observations with the Australia Telescope 
Compact Array (ATCA) were carried out at 5.5 GHz and 7.5 GHz, 
identifying two variable compact sources. One of the variable sources is 
consistent with a GHz-peaked-spectrum source, with a positive spec-
tral index, as previously identified in observations at these frequen-
cies16. The other variable source (right ascension, RA 07 h 16 min 34.6 s; 
declination, dec. −19° 00′ 40′′), offset by 1.944 arcmin from the centre 
of the Parkes beam, was seen at 5.5 GHz at a brightness of 0.27(5) mJy 
per beam just 2 h after the FRB. The source was then seen to fade over 
subsequent epochs, settling at a brightness of ∼0.09(2) mJy per beam  
(Fig. 2). The source is also seen at 7.5 GHz at 0.18(3) mJy per beam 
in the first epoch but subsequently not detected. These observations 
indicate a ∼6-day transient with a negative spectral index; we obtain 
α = −1.37 in the first epoch, for a power-law spectrum of the form 
Fv ∝ vα. The subsequent quiescent level is consistent with the level 
expected17 from an early-type galaxy at z ≈ 0.5. To estimate the likeli-
hood that this transient could occur by chance we consider the results 
of radio imaging surveys (see Methods). By comparing to a recent 
survey with the Very Large Array18 in the 2–4 GHz band, we expect a 
95% (99%) confidence upper limit of <0.001 (<0.002) such transients 
to occur in the ATCA observations of the FRB field, or equivalently an 
upper limit chance coincidence probability of <0.1% (<0.2%). We find 
that the detection of a fading transient source is therefore sufficiently 
rare that we conclude that it is the afterglow from the FRB event.

We obtained optical observations of the field using Suprime-Cam 
on the 8.2-m Subaru Telescope on 2015 April 19 and April 20. From 
these images, we identify a source within the ∼1-arcsec positional 
uncertainty derived from the ATCA image (Fig. 3). The source is seen 
to be a galaxy with a half-light radius of 1.4 ± 0.2 arcsec with a surface 
brightness profile well fitted by de Vaucouleurs’ law (see Methods), 
thus consistent with being an elliptical galaxy. In addition to the Subaru 
r′ and i′ band photometry, we obtained J, H and Ks band photometry 
with the Wide-field Infrared Camera on the Palomar 200′′ telescope. 
The source is also detected in the WISE W1 and W2 filters, enabling a  
seven-band spectral energy distribution fit (see Extended Data Fig. 1)  
and the determination of a photometric redshift of 0.48 < z < 0.56  
(68% confidence). To confirm this redshift, we performed a 3-h spectro-
scopic observation in good seeing conditions (full-width at half-maximum, 

1Square Kilometre Array Organisation, Jodrell Bank Observatory, SK11 9DL, UK. 2Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Mail H29, PO Box 218, Victoria 
3122, Australia. 3Australian Research Council Centre of Excellence for All-sky Astrophysics (CAASTRO), Australia. 4Commonwealth Science and Industrial Research Organisation (CSIRO), Astronomy 
and Space Science, Australia Telescope National Facility, PO Box 76, Epping, New South Wales 1710, Australia. 5International Centre for Radio Astronomy Research, Curtin University, Bentley, 
Western Australia 6102, Australia. 6Instituto Nazionale di Astrofisica (INAF)—Osservatorio Astronomico di Cagliari, Via della Scienza 5, I-09047 Selargius (CA), Italy. 7Research School of Astronomy 
and Astrophysics, Australian National University, Canberra, Australian Capital Territory 2611, Australia. 8Max-Planck-Institut für Radioastronomie (MPIfR), Auf dem Hügel 69, D-53121 Bonn, 
Germany. 9Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK. 10National Radio Astronomy Observatory, Socorro, New 
Mexico, USA. 11Department of Astronomy, the University of Tokyo, Hongo, Tokyo 113-0033, Japan. 12National Astronomical Observatory of Japan, 2 Chome-21-1 Osawa, Mitaka, Tokyo 181-8588, 
Japan. 13Department of Astronomical Science, SOKENDAI (Graduate University for the Advanced Study), Osawa, Mitaka 181-8588, Japan. 14Subaru Telescope, National Astronomical Observatory 
of Japan, 650 North A’ohoku Place, Hilo, Hawaii 96720, USA. 15Institute of Astronomy, Graduate School of Science, University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan. 16Kavli 
Institute for the Physics and Mathematics of the Universe (WPI), Institutes for Advanced Study, University of Tokyo, Kashiwa, Chiba 277-8583, Japan. 17Department of Physics, Faculty of Science 
and Engineering, Konan University, 8-9-1 Okamoto, Kobe, Hyogo 658-8501, Japan. 18Cahill Center for Astrophysics, California Institute of Technology, 1200 East California Boulevard, Pasadena, 
California 91125, USA. 19Department of Physics, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201, USA. 20National Centre for Radio Astrophysics, Tata Institute of Fundamental 
Research, Pune University Campus, Ganeshkhind, Pune 411 007, India. 21ASTRON, the Netherlands Institute for Radio Astronomy, Postbus 2, NL-7990 AA Dwingeloo, The Netherlands.
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FWHM ≈ 0.8 arcsec) using the Faint Object Camera and Spectrograph 
(FOCAS) on Subaru on 2015 November 03. This yielded a spectrum con-
sistent with a reddened elliptical galaxy at z = 0.492 ± 0.008 (Fig. 3). An ear-
lier 1-h observation, on a night which was not spectrophotometric, using 
the Deep Imaging Multi-Object Spectrograph (DEIMOS) on the Keck 
telescope, was also taken and found to be consistent with the Subaru result.

Dispersion in the intergalactic medium is related to the cosmic 
density of ionized baryons ΩIGM and the redshift19,20 according to the 
following expression:
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Here, we take DMIGM = DMFRB − DMMW − DMhalo − DMhost(1 + z)−1  
(see Methods). It is appropriate to account for a Milky Way halo con-
tribution21 of DMhalo = 30 cm−3 pc and we derive 189 cm−3 pc for 
DMMW (the DM for the rest of the Milky Way, excluding its halo, 
that is, the non-dark-matter component of the Milky Way) from the 
NE2001 Galactic electron density model14. An elliptical galaxy can be  
modelled22 with a modified version of NE2001 with an average rest-frame 

value of ∼37 cm−3 pc. The NE2001 components are uncertain at the 20% 
level14, and there is an additional uncertainty of ∼100 cm−3 pc owing to line-
of-sight inhomogeneities in the intergalactic medium10. We therefore obtain:

Ω =




. 



. ± . ( )

f
0 88 0 049 0 013 2IGM

e

The ionization factor is fe = 1 for fully ionized hydrogen, whereas 
allowing for a helium abundance of 25%, fe = 0.88 is appropriate20. 

Figure 1 | The FRB 150418 radio signal. 
a, A waterfall plot of the FRB signal 
with 15 frequency sub-bands across the 
Parkes observing bandwidth, showing the 
characteristic quadratic time–frequency sweep. 
To increase the signal-to-noise ratio, the  
time resolution is reduced by a factor of 14  
from the raw 64-µs value. b, The pulse profile 
of the FRB signal with the total intensity, linear 
and circular polarization flux densities shown  
as black, purple and green lines respectively.  
c, The polarization position angle is shown with 
1σ error bars, for each 64-µs time sample where 
the linear polarization was greater than twice 
the uncertainty in the linear polarization.

Table 1 | Summary of FRB 150418 observed and derived properties

Event time at 1,382 MHz 2015 April 18 04:29:07.056 UTC
Event time at in!nite frequency 2015 April 18 04:29:05.370 UTC
Parkes beam number 4, inner ring
Beam FWHM diameter 14.1′
Beam centre (RA, dec.) 07 h 16 min 30.9 s, −19° 02′ 24.4′′
Beam centre (l, b) 232.684°, −3.261°
Galaxy position (RA, dec.)  
ATCA epoch 1

07 h 16 min 35(3) s, −19° 00′ 40(1)′′

Galaxy position (l, b)  
ATCA epoch 1

232.6654(1)°, −3.2348(3)°

Signal-to-noise ratio 39
Observed width, Wobs 0.8 ± 0.3 ms
FRB dispersion measure 776.2(5) cm−3 pc
Dispersion index, β −2.00(1)
Milky Way dispersion measure 188.5 cm−3 pc
Redshift, z 0.492(8)
Peak "ux density, S1382 MHz > . − .

+ .2 2 0 3
0 6 Jy (beam centre)

> . − .
+ .2 4 0 4

0 5 Jy (galaxy position)
Fluence, F1382 MHz (Jy ms) . − .

+ .1 9 0 8
1 1 Jy ms (beam centre)

. − .
+ .2 0 0 8

1 2 Jy ms (galaxy position)
Linear polarization, L/I 8.5 ± 1.5%
Circular polarization, |V|/I <4.5% (3σ)
Rotation measure 36 ± 52 rad m−2

Spectral index, α α > −3.0 (3σ, Parkes-MWA)
α = +1.3 ± 0.5 (Parkes)

Comoving distance 1.88 gigaparsecs
Luminosity distance 2.81 gigaparsecs
Energy ×−

+8 105
1 38 ergs (galaxy position)

Luminosity >1.3 × 1042 ergs s−1 (galaxy position)
The peak "ux density is a band average and a lower limit due to the intrinsic width not being 
resolved; similarly luminosity is a lower limit. The energy quoted is the product of the band-
averaged "uence, the blueshifted e#ective bandwidth of the observations and the square of the 
luminosity distance. MWA denotes the Murchison Wide!eld Array.
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Figure 2 | The FRB host galaxy radio light curve . Detections have 1σ 
error bars, and 3σ upper limits are indicated with arrows. The afterglow 
event appears to last ∼6 days, after which time the brightness settles at the 
quiescent level for the galaxy. Here mjd denotes modified Julian day.
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Transients headline science: 
Fast Radio Bursts as a cosmological probe 

• Prospects for fundamental contributions to cosmology with 
large samples (~1000) of spectroscopically identified FRBs out 
to z ~ 2 with SKA1 and z ~ 5 with SKA2  

(Zhou et al. 2014) (Ioka 2003) 



Galaxy Evolution Studies in the Radio Continuum:  
Understanding the Star Formation History of the Universe 

•  Unmatched sensitivity to star formation rates (10 M/yr) out to z ~ 4 with SKA1 and 
z ~ 10 with SKA2 

•  Resolved (sub-kpc) imaging of star forming disks out to z ~ 1 with SKA1 and z ~ 6 
with SKA2 

CCAT 350 µm


Euclid, H<24


ALMA, 1.3mm > 90 µJy


JVLA-COSMOS


Wuyts et al 2013, z∼1 
Hα–based SFR-maps 

3.
4”




4”



Cibinel et al 2014, z∼2 
UV-based SFR-maps 

(Murphy et al. 2014) 



Cosmology with SKA:  
Integrated Sachs-Wolfe effect 

•  Constraining non-Gaussianity of primordial fluctuations with the 
Integrated Sachs-Wolfe effect: correlation of foreground source 
populations with CMB structures 
–  Uniquely probing the largest scales  

8

Pathfinders 10 µJy
SKA 5 µJy
SKA 2.5 µJy
SKA 1 µJy
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FIG. 4: Effect of having different numbers of bins for the precision in measurements of the fNLparameter, using the configurations of
Section IV B, for the pathfinders instruments and the different flux limits of SKA.
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FIG. 5: Effect of neglecting or including the radio high-z bin on the error on fNL measurements.

single-bin case would provide constraints that are competitive with other LSS measurements, those are not competitive with
CMB constraints. In the case where redshift information is included, the large sky area surveyed by radio surveys coupled with
the wide redshift-range will allow highly precise measurements of the non-Gaussianity parameter, with �(f

NL

) <⇠ 1 possible.
We also investigate the optimal configurations of the number density and redshift range of radio surveys in order to provide the

(Raccanelli et al. 
2014) 



(Bull et al 2014) 

Cosmology with SKA:  
Baryon Acoustic Oscillations 

•  Constraining Dark Energy models with redshift-resolved BAO measurements 
–  Discrete detection is complementary with SKA1, cutting edge with SKA2 
–  Intensity mapping is higher risk but world-class, even with SKA1 



(Bull et al 2014) 

Cosmology with SKA:  
Baryon Acoustic Oscillations 

•  Constraining Dark Energy models with redshift-resolved BAO measurements 
–  Discrete detection is complementary with SKA1, cutting edge in SKA2 
–  Intensity mapping is higher risk but world-class, even with SKA1 
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Figure 4: Survey volumes and redshift range for various current and future surveys (volume calculated at
the central redshift).

DA(z), as functions of redshift, as has been done successfully with recent large galaxy redshift
surveys such as BOSS and WiggleZ. Measuring these functions is vital for testing theories of dark
energy which seek to explain the apparent acceleration of the cosmic expansion, as they constrain
its equation of state, w = P/r , and thus its physical properties. Shedding light on the behaviour of
dark energy – especially whether w deviates from �1 and whether it varies in time – is one of the
foremost problems in cosmology.

To precisely measure the BAO feature in the matter correlation function, which appears as a
‘bump’ at comoving separations of r ⇡ 100h�1 Mpc, one needs to detect many galaxies (in order
to reduce shot noise), and to cover as large a survey volume as possible (in order to reduce sample
variance). Intensity mapping has a few major advantages over conventional galaxy surveys for
this task. IM surveys can map a substantial fraction of the sky with low angular resolution in a
short period of time. Combined with the wide bandwidths of modern radio receivers, this makes
it possible to cover extremely large survey volumes and redshift ranges in a relatively short time,
helping to beat down sample variance (see Fig. 4).

While individual galaxies cannot in general be resolved, each telescope pointing measures the
integrated emission from many galaxies, making the total signal easier to detect and reducing the
shot noise. All that is required is to obtain sufficient flux sensitivity to detect the integrated 21cm
emission and to have sufficient resolution to resolve the required scales at a given redshift. Figure 5
summarises the expected constraints from the SKA HI IM surveys for two relevant target scales: the
BAO scale at k ⇠ 0.074 Mpc�1 and a very large scale, past the equality peak at k ⇠ 0.01 Mpc�1. We
see the huge constraining power of these surveys. In particular, due to the large volumes probed,
they will be unmatched on ultra-large scales. Even at BAO scales, both SKA1-MID and SUR
present constraints not far from Euclid while only using a ⇠ 2 year survey (the full Euclid requires
about 5 years). Moreover, SKA1-LOW will be able to make a detection at z ⇠ 4 which again will
be an unique feature.

For the BAO scales (see Table 1 and Fig. 5, left panel), the angular resolution of the Phase 1
SKA dishes is such that these scales are best matched to an autocorrelation survey at low redshift,
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HI surveys of the EoR, Cosmic-Dawn & Dark Ages 

CMB displays a single moment 
of the Universe. Its initial 
conditions at ~400,000 yrs 

HI emission from the Dark Ages, Cosmic Dawn 
& EoR traces an evolving “movie” of baryonic  
and DM structure formation at tuniv<109 years. 



SKA1 surveys of the EoR 
(& Cosmic-Dawn) 

• Detecting EoR structures in imaging mode (as distinct from 
statistically) on 5 arcmin scales with 1 mK RMS 

• Probing the Cosmic Dawn statistically 
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Figure 12. Slices through our δTb simulation box (left), and the corresponding 3D power spectra (right), for our fiducial model at z = 30.1, 21.2, 17.9, 10.0
(top to bottom). The slices were chosen to highlight various epochs in the cosmic 21-cm signal (cf. the corresponding mean evolution in Fig. 10): the onset
of Lyα pumping, the onset of X-ray heating, the completion of X-ray heating and the mid-point of reionization are shown from top to bottom. All slices are
1 Gpc on a side and 3.3 Mpc deep. For a movie of this simulation, see http://www.astro.princeton.edu/∼mesinger/Movies/delT.mov.
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