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• Dark Ages   z>~15 • Reionization 6~<z~<15
•Onset of non-linearity.  
•Birth of stars, galaxies, quasars, metals. 
•Last frontier!

•Last great phase change (affects 75% of the 
baryonic matter) 
•sensitive to early star and quasar formation 
•an unambiguous cosmological milestone
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2 1 C M  C O S M O L O G Y

• Precision Cosmology 

• at high z, linear pre-reionization 10^16 modes 
(compared to 10^7 CMB)  
initial conditions, neutrino mass 

• at low z, emission in wells, intensity mapping, 
BAO and lensing 
dark energy eq. of state or other models 

• Astrophysical 

• can see times prior to formation of emitters 
(opens up the dark ages to exploration) 

• probes reionization directly
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R E I O N I Z AT I O N  I N  2 1 C M

• pre-21cm probes!
• 21cm cosmology!
• foregrounds!
• current results!
• the future
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CMB and Reionization

7

• electrons in ionized universe scatter 
the polarized CMB


• l<10 (horizon at reionization)


• small optical depth (a weak ~1% 
signal)

Large scale polarization of the CMB (WMAP) 

•  Angular power spectrum ~ rms 
fluctuations vs. scale 

•  Large scale polarization 

   Integral measure of τe back to 
recombination  

   Earlier => higher τe 

 τe ~ σTρL ~ (1+z)3/(1+z) ~ (1+z)2 

   Large scale ~ horizon at zreion      
l < 10 or angles > 10o  

   Weak: uK rms ~ 1% total inten.   

Jarosik et al 2011, ApJS 192, 14 

Baryon Acoustic Oscillations: 
Sound horizon at recombination  

τe = 0.087 +/- 0.015 

Sachs-
Wolfe 

WMAP 7

http://loco.lab.asu.edu/danny_jacobs


http://loco.lab.asu.edu/danny_jacobs

– 14 –

Fig. 5.— Left: Marginalized probability distribution for zreion in the standard model with instantaneous
reionization. Sudden reionization at z = 6 is ruled out at 3.5σ, suggesting that reionization was a gradual
process. Right: In a model with two steps of reionization (with ionization fraction xe at redshift zr, followed
by full ionization at z = 7), the WMAP data are consistent with an extended reionization process.

Most of our observational constraints probe the end of the epoch of reionization. Observations of z > 6
quasars (Becker 2001; Djorgovski et al. 2001; Fan et al. 2006; Willott et al. 2007) find that the Lyman-α
optical depth rises rapidly. Measurements of the afterglow spectrum of a gamma ray burst at z = 6.3
(Totani et al. 2006) suggest that universe was mostly ionized at z = 6.3. Lyman alpha emitter surveys
(Taniguchi et al. 2005; Malhotra & Rhoads 2006; Kashikawa et al. 2006; Iye et al. 2006; Ota et al. 2007)
imply a significant ionized fraction at z = 6.5. The interpretation that there is a sudden change in the
properties of the IGM remains a subject of active debate (Becker et al. 2007; Wyithe et al. 2008).

The WMAP data place new constraints on the reionization history of the universe. The WMAP data best
constrains the optical depth due to reionization at moderate redshift (z < 25) and only indirectly constrains
the redshift of reionization. If reionization is sudden, then the WMAP data implies that zreion = 11.0± 1.4,
shown in Figure 5, and now excludes zreion = 6 at more than 99.9% CL. The combination of the WMAP data
implying that the universe was mostly reionized at z ∼ 11 and the measurements of rapidly rising optical
depth at z ∼ 6−6.5 suggest that reionization was an extended process rather than a sudden transition. Many
early studies of reionization envisioned a rapid transition from a neutral to a fully ionized universe occurring
as ionized bubbles percolate and overlap. As Figure 5 shows, the WMAP data suggests a more gradual
process with reionization beginning perhaps as early as z ∼ 20 and strongly favoring z > 6. This suggests

that the universe underwent an extended period of partial reionization. The limits were found by modifying
the ionization history in CAMB to include two steps in the ionization fraction at late times (z < 30):
the first at zr with ionization fraction xe, the second at z = 7 with xe = 1. Several studies (Cen 2003;
Chiu et al. 2003; Wyithe & Loeb 2003; Haiman & Holder 2003; Yoshida et al. 2004; Choudhury & Ferrara
2006; Iliev et al. 2007; Wyithe et al. 2008) suggest that feedback produces a prolonged or perhaps even,
multi-epoch reionization history.

While the current WMAP data constrain the optical depth of the universe, the EE data does not

implications of optical 
depth

• difficult to get reionization 
earlier than z<15


• z<13, just about anything goes


• the earlier it starts, the longer it 
goes on.

8

Dunkley ea 2009 ApJ 180, 306
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CMB constraints

9

• electrons in ionized universe scatter 
the polarized CMB


• l<10 (horizon at reionization)


• small optical depth (a weak ~1% 
signal)

Large scale polarization of the CMB (WMAP) 

•  Angular power spectrum ~ rms 
fluctuations vs. scale 

•  Large scale polarization 

   Integral measure of τe back to 
recombination  

   Earlier => higher τe 

 τe ~ σTρL ~ (1+z)3/(1+z) ~ (1+z)2 

   Large scale ~ horizon at zreion      
l < 10 or angles > 10o  

   Weak: uK rms ~ 1% total inten.   

Jarosik et al 2011, ApJS 192, 14 

Baryon Acoustic Oscillations: 
Sound horizon at recombination  

τe = 0.087 +/- 0.015 

Sachs-
Wolfe 

WMAP 7
z
reion

' 10.5± 1.1

⌧e = 0.066± 0.012 Planck (Feb 2015) z
reion

' 8.8± 1.2

⌧e = 0.078± 0.012 Planck (July 2015) z
reion

' 9.9± 1.8

http://loco.lab.asu.edu/danny_jacobs
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Robertson et al 2013



Barkana and Loeb 2001 

Gunn-Peterson Effect (Gunn + Peterson 1963) 

z 

z=6.4 
tuniv ~ 0.9Gyr quasar 

SDSS high z quasars Lya resonant scattering 
by neutral IGM 

ionized neutral 

Gunn and Peterson 1963;  Barkana and Loeb 2001
11

Gunn - Peterson Absorption
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Fan, Carilli, Keating 2006

•SDSS quasars 
!

•opaque at z>6 
!

•reionization?
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Quasar Near Zones
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•  J1148+5251: Host galaxy redshift: 
z=6.419 (CO + [CII]) 

•  Quasar spectrum => photons leaking 
down to z=6.32 

•  Time bounded Stromgren sphere (ionized 
by quasar?) 

•  cf. ‘proximity zone’ interpretation, 
Bolton & Haehnelt 2007 

White et al. 2003 

zhost –  zGP => RNZ = 4.7Mpc  ~ [Lγ tQ/FHI]1/3 (1+z)-1 

Quasar Near Zones 

HI 

HII 

near zones of other comparably luminous high-redshift quasars, which
have been measured23 to have RNZ, corr 5 (7.4 – 8.0(z 2 6)) Mpc, on
average. The considerable scatter about this trend notwithstanding,
these observations of ULAS J112010641 confirm that the observed
decrease in RNZ, corr with redshift continues at least to z^7:1.

The observed transmission cut-offs of z^6 quasars have been iden-
tified with their advancing ionization fronts, which grow as24,25

RNZ, corr!T1=3
q 1zzð Þ{1D{1=3f {1=3

H I , where Tq is the quasar age and
D is the local baryon density relative to the cosmic mean. Assuming a
fiducial age of Tq^0:01 Gyr has led to the claim26 that fH I>0.6
around several 6.0=z=6.4 quasars. Given that the above RNZ, corr–z
fit gives an average value of RNZ, corr 5 5.8 Mpc at z 5 6.2, the mea-
sured near-zone radius of ULAS J112010641 then implies that the
neutral fraction was a factor of ,15 higher at z^7:1 than it was at
z^6:2. The fundamental limit of fH I # 1 makes it difficult to reconcile
the small observed near zone of ULAS J112010641 with a significantly
neutral Universe at z^6. It is possible that ULAS J112010641 is seen
very early in its luminous phase or that it formed in an unusually dense
region, but the most straightforward conclusion is that observed near-
zone sizes of z^6 quasars do not correspond to their ionization
fronts25.

An alternative explanation for the near zones of the z^6 quasars is
that their transmission profiles are determined primarily by the residual
H I inside their ionized zones25,27. If the H I and H II are in equilibrium
with the ionizing radiation from the quasar then the neutral frac-
tion would increase with radius as fH I / R2 out to the ionization front.
The resultant transmission profile would have an approximately

Gaussian envelope, with RNZ being the radius at which25 fH I^10{4,
and not the ionization front itself. The envelopes of the measured
profiles of the two z^6:3 quasars shown in Fig. 3 are consistent with
this Gaussian model, although both have sharp cut-offs as well, which
could be due to Lyman limit systems along the line of sight28.

In contrast, the measured transmission profile of ULAS J112010641,
shown in Fig. 3, is qualitatively different from those of the lower red-
shift quasars, exhibiting a smooth envelope and significant absorption
redward of the Lya wavelength. The profile has the character of a Lya
damping wing, which would indicate that the intergalactic medium in
front of ULAS J112010641 was substantially neutral. It is also possible
that the absorption is the result of an intervening high-column-density
(NH I >1020cm{2) damped Lya system5, although absorbers of such
strength are rare. Both models are compared to the observed transmis-
sion profile of ULAS J112010641 in Fig. 4. Assuming the absorption is
the result of the intergalactic medium damping wing, the shape and
width of the transmission profile require fH I . 0.1, but are inconsistent
with fH I^1, at z^7:1. These limits will be improved by more detailed
modelling, in particular accounting for the distribution of H I within
the near zone25,27, and deeper spectroscopic observations of
ULAS J112010641. Given the likely variation in the ionization history
between different lines of sight, it will be important to find more
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Figure 3 | The inferred Lya near-zone transmission profile of
ULAS J112010641 compared to those of two lower-redshift quasars. The
near-zone transmission profile of ULAS J112010641 was estimated by
dividing the observed spectrum by the composite spectrum shown in Fig. 1 and
the conversion from wavelength to proper distance was calculated for a fiducial
flat cosmological model9. The transmission profiles towards the two SDSS
quasars were estimated by dividing their measured29 spectra by parameterized
fits based on the unabsorbed spectra of lower-redshift quasars. The
transmission profile of ULAS J112010641 is strikingly different from those of
the two SDSS quasars, with a much smaller observed near-zone radius RNZ, as
well as a distinct shape: whereas the profiles of SDSS J114815251 and
SDSS J103010524 have approximately Gaussian envelopes out to a sharp cut-
off, the profile of ULAS J112010641 is much smoother and also shows
absorption redward of Lya. The 1s error spectrum for ULAS J112010641 is
shown below the data. Fr
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Figure 4 | Rest-frame transmission profile of ULAS J112010641 in the
region of the Lya emission line, compared to several damping profiles. The
transmission profile of ULAS J112010641, obtained by dividing the spectrum
by the SDSS composite shown in Fig. 1, is shown in black. The random error
spectrum is plotted below the data, also in black. The positive residuals near
0.1230mm in the transmission profile suggest that the Lya emission line of
ULAS J112010641 is actually stronger than average, in which case the
absorption would be greater than illustrated. The dispersion in the Lya
equivalent width at a fixed C IV equivalent width of 13% quantifies the
uncertainty in the Lya strength; this systematic uncertainty in the transmission
profile is shown in red. The blue curves show the Lya damping wing of the
intergalactic medium for neutral fractions of (from top to bottom) fH I 5 0.1,
fH I 5 0.5 and fH I 5 1.0, assuming a sharp ionization front 2.2 Mpc in front of
the quasar. The green curve shows the absorption profile of a damped Lya
absorber of column density NH I 5 4 3 1020 cm22 located 2.6 Mpc in front of
the quasar. These curves assume that the ionized zone itself is completely
transparent; a more realistic model of the H I distribution around the quasar
might be sufficient to discriminate between these two models25,27. The
wavelength of the Lya transition is shown as a dashed line; also marked is the
N V doublet of the associated absorber referred to in the text.
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lack of absorption right 
near the quasar 

z=6.4
z=7.1

near zones of other comparably luminous high-redshift quasars, which
have been measured23 to have RNZ, corr 5 (7.4 – 8.0(z 2 6)) Mpc, on
average. The considerable scatter about this trend notwithstanding,
these observations of ULAS J112010641 confirm that the observed
decrease in RNZ, corr with redshift continues at least to z^7:1.

The observed transmission cut-offs of z^6 quasars have been iden-
tified with their advancing ionization fronts, which grow as24,25

RNZ, corr!T1=3
q 1zzð Þ{1D{1=3f {1=3

H I , where Tq is the quasar age and
D is the local baryon density relative to the cosmic mean. Assuming a
fiducial age of Tq^0:01 Gyr has led to the claim26 that fH I>0.6
around several 6.0=z=6.4 quasars. Given that the above RNZ, corr–z
fit gives an average value of RNZ, corr 5 5.8 Mpc at z 5 6.2, the mea-
sured near-zone radius of ULAS J112010641 then implies that the
neutral fraction was a factor of ,15 higher at z^7:1 than it was at
z^6:2. The fundamental limit of fH I # 1 makes it difficult to reconcile
the small observed near zone of ULAS J112010641 with a significantly
neutral Universe at z^6. It is possible that ULAS J112010641 is seen
very early in its luminous phase or that it formed in an unusually dense
region, but the most straightforward conclusion is that observed near-
zone sizes of z^6 quasars do not correspond to their ionization
fronts25.

An alternative explanation for the near zones of the z^6 quasars is
that their transmission profiles are determined primarily by the residual
H I inside their ionized zones25,27. If the H I and H II are in equilibrium
with the ionizing radiation from the quasar then the neutral frac-
tion would increase with radius as fH I / R2 out to the ionization front.
The resultant transmission profile would have an approximately

Gaussian envelope, with RNZ being the radius at which25 fH I^10{4,
and not the ionization front itself. The envelopes of the measured
profiles of the two z^6:3 quasars shown in Fig. 3 are consistent with
this Gaussian model, although both have sharp cut-offs as well, which
could be due to Lyman limit systems along the line of sight28.

In contrast, the measured transmission profile of ULAS J112010641,
shown in Fig. 3, is qualitatively different from those of the lower red-
shift quasars, exhibiting a smooth envelope and significant absorption
redward of the Lya wavelength. The profile has the character of a Lya
damping wing, which would indicate that the intergalactic medium in
front of ULAS J112010641 was substantially neutral. It is also possible
that the absorption is the result of an intervening high-column-density
(NH I >1020cm{2) damped Lya system5, although absorbers of such
strength are rare. Both models are compared to the observed transmis-
sion profile of ULAS J112010641 in Fig. 4. Assuming the absorption is
the result of the intergalactic medium damping wing, the shape and
width of the transmission profile require fH I . 0.1, but are inconsistent
with fH I^1, at z^7:1. These limits will be improved by more detailed
modelling, in particular accounting for the distribution of H I within
the near zone25,27, and deeper spectroscopic observations of
ULAS J112010641. Given the likely variation in the ionization history
between different lines of sight, it will be important to find more
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Figure 3 | The inferred Lya near-zone transmission profile of
ULAS J112010641 compared to those of two lower-redshift quasars. The
near-zone transmission profile of ULAS J112010641 was estimated by
dividing the observed spectrum by the composite spectrum shown in Fig. 1 and
the conversion from wavelength to proper distance was calculated for a fiducial
flat cosmological model9. The transmission profiles towards the two SDSS
quasars were estimated by dividing their measured29 spectra by parameterized
fits based on the unabsorbed spectra of lower-redshift quasars. The
transmission profile of ULAS J112010641 is strikingly different from those of
the two SDSS quasars, with a much smaller observed near-zone radius RNZ, as
well as a distinct shape: whereas the profiles of SDSS J114815251 and
SDSS J103010524 have approximately Gaussian envelopes out to a sharp cut-
off, the profile of ULAS J112010641 is much smoother and also shows
absorption redward of Lya. The 1s error spectrum for ULAS J112010641 is
shown below the data. Fr
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Figure 4 | Rest-frame transmission profile of ULAS J112010641 in the
region of the Lya emission line, compared to several damping profiles. The
transmission profile of ULAS J112010641, obtained by dividing the spectrum
by the SDSS composite shown in Fig. 1, is shown in black. The random error
spectrum is plotted below the data, also in black. The positive residuals near
0.1230mm in the transmission profile suggest that the Lya emission line of
ULAS J112010641 is actually stronger than average, in which case the
absorption would be greater than illustrated. The dispersion in the Lya
equivalent width at a fixed C IV equivalent width of 13% quantifies the
uncertainty in the Lya strength; this systematic uncertainty in the transmission
profile is shown in red. The blue curves show the Lya damping wing of the
intergalactic medium for neutral fractions of (from top to bottom) fH I 5 0.1,
fH I 5 0.5 and fH I 5 1.0, assuming a sharp ionization front 2.2 Mpc in front of
the quasar. The green curve shows the absorption profile of a damped Lya
absorber of column density NH I 5 4 3 1020 cm22 located 2.6 Mpc in front of
the quasar. These curves assume that the ionized zone itself is completely
transparent; a more realistic model of the H I distribution around the quasar
might be sufficient to discriminate between these two models25,27. The
wavelength of the Lya transition is shown as a dashed line; also marked is the
N V doublet of the associated absorber referred to in the text.
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•  J1148+5251: Host galaxy redshift: 
z=6.419 (CO + [CII]) 

•  Quasar spectrum => photons leaking 
down to z=6.32 

•  Time bounded Stromgren sphere (ionized 
by quasar?) 

•  cf. ‘proximity zone’ interpretation, 
Bolton & Haehnelt 2007 

White et al. 2003 

zhost –  zGP => RNZ = 4.7Mpc  ~ [Lγ tQ/FHI]1/3 (1+z)-1 

Quasar Near Zones 

HI 

HII 
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More missing Lyalpha photons

• accounting for selection effects 
and likely evolution scenarios


• the number of lyalpha emitters 
drops with increasing redshift


• Explanation:


• A) fewer such galaxies


• B) absorption 
Modeling suggests patchy 
reionization and neutral 
fraction>0.3 at z~8 

16
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What do objects tell us?

• survey volumes are small 
compared to patchiness scale


• 3D simulations with current 
surveys have x_HI>0.05 at z=7 

17
Taylor and Lidz, 2014 MNRAS 437 2542
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missing Lyalpha 
galaxies
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Dark Ages and Cosmic Reionization

19
Cowen 2013

1100 20? 8? 6

current non-21cm measurements: 
	 galaxy model dependent 
	 highly sample limited 
	 best probe only works at low HI densities
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Dark Ages and Cosmic Reionization

20
Cowen 2013

1100 20? 8? 6

current non-21cm measurements: 
	 galaxy model dependent 
	 highly sample limited 
	 best probe only works at low HI densities

21cm: 
 	 Directly probes HI 
 	 narrow spectral line,  
	 	 (frequency maps directly to redshift) 
 	 can theoretically survey all visible universe 
	 optically thin (cubes!)

http://loco.lab.asu.edu/danny_jacobs
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21cm Observables

• Two features to measure: the global signal and the fluctuations 
global signal: single antenna. dark ages dynamics and reionization 
fluctuations: interferometer can distinguish different models of reionization 
and late dark ages

21
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G L O B A L  T E M P E R AT U R E

Pure linear collapse First stars Reionization
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imaging

• signal amplitude ~20mK


• first generation sensitivity: 80mK


• SKA sensitivity: 4mK


• near future: statistical measures

McQuinn ea 2007 MNRAS 377

http://loco.lab.asu.edu/danny_jacobs


Credit: M. Mcquinn (Berkeley)

Credit: M. Alvarez (CITA) 	


& R. Kaehler (Stanford)
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Reionization physics in a nutshell

ζ
R_mfp

T_vir

Which halos?

How many UV photons?
Over what distance?



Grieg and Mesinger,  MNRAS 2015, arXiv:1501.06576



D. Jacobs, 2015

C O N S T R A I N I N G  C M B  C O S M O L O G Y

Planck temperature + WMAP polarization 
+ ACT + SPT+ 21cm pspec

Liu et al in prep
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Mesinger et al 2014



Evoli et al 2014



LOFAR MWA

PAPER LWA & CDA EDGES

HERA

CHIME
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Challenges

• Foregrounds


• 9 orders of magnitude in 
mK^2


• spectrally smooth (unlike 
21cm line)


• Interference


• Sensitivity

31

21 cm EoR (z=9.5)

CMB Background 

Confusion Noise 

Galactic Synchrotron

Galactic Free-Free

Extragalactic Free-Free

http://loco.lab.asu.edu/danny_jacobs


Radio Frequency Interference

•   

PAPER Test Bed  
Green Bank, WV

PAPER\HERA  
Karoo South Africa

MWA 
Murchison Shire, WA



Human Interference

PAPER Test Bed  
Green Bank, WV

PAPER  
Karoo South Africa

MWA 
Murchison Shire, WA



EDGES

34Liu, Pritchard, Tegmark, Loeb 2013
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EDGES update 2015

• Rogers et al. 2015 – confirmation of 
ionospheric model and first-ever direct 
detection (as far as we can find) of 
electronic thermal emission from 
ionosphere.


• Mozdzen et al. 2015 (submitted) – 
beam chromaticity model shows 
foreground subtraction is very sensitive 
to beam pattern.  New “blade” dipole 
design deployed to minimize effects.


• Current observing campaign began 
October 2014.  Looking promising…  :)  
should improve on previous limits


• Two wavelength bands now:  50-100 
MHz (First Light) and 100-200 MHz 
(reionization)  -- you can see the low-
band antenna halfway to the hut in 
the picture.  It is a scaled copy of the 
high-band antenna

35
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!
Precision 
Array for 
Probing the  
Epoch of  
Reionization

!
Murchison 
Widefield 
Array



PAPER and MWA close up



38
MWA and PAPER

PAPER MWA
Antenna dipole phased dipole tiles

antenna positions grid radial
spectrum 100-200MHz 80-300MHz
location Karoo Desert (SKA-South Africa) Western Australia (SKA-Australia)

field of view 60 degrees 30 degrees
Strength systematic rejection imaging capability

Weakness limited sensitivity uneven spectral coverage



F I E L D S  O F  V I E W



800km

MWA
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First Gen Reionization Sensitivity

HERA Memo #4, J. Pober  (reionization.org/memos/)

Name of the game: Noise (not foreground) limited measurements

http://reionization.org/memos/


Foregrounds

pretty much all smooth spectrum



M W A  S C I E N C E

http://gigapan.com/gigapans/141985

Tingay et al 2013

D. Kaplan

Oberoi, et al 2013Offringa + MWA Commissioning Team

Vela and Pup A

80 degrees

mwatelescope.org

http://gigapan.com/gigapans/141985
http://mwatelescope.org


mwatelescope.org
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mwatelescope.org
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Loi et al GRL, 2015

https://youtu.be/ymZEOihlIdU

mwatelescope.org

http://mwatelescope.org


Foregrounds

pretty much all smooth spectrum



Dillon, Liu, Tegmark 2013
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HI 21cm

49

Morales, 2006 AJ 619
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units
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baseline length  
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Foregrounds!
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Foregrounds make a 
‘wedge’
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Foreground Lessons

52

• Avoidance is easiest but least sensitive


• Source subtraction is best but is also the hardest


• Sources at the horizon are the first hurtle


• the galaxy is probably showing up on long baselines


• averaging baselines without care can lead to spectral 
issues


• modeling of covariance can put foregrounds into errors 
instead of a bias

http://loco.lab.asu.edu/danny_jacobs
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Interferometry 101
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Foregrounds on a single baseline
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Predicted Foreground Limit

First spectral harmonic

Foreground Margin

First antenna sidelobe

Primary Beam

Pober et al 2013 August 23, 2013

PAPER MWA
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D. Jacobs, 2015

Thyagarajan et al 2015a,b 

Widefield Foregound simulation

arxiv:1502.07596 
 arXiv:1506.06150



D. Jacobs, 2015

M E A N  F O R E G R O U N D S

Thyagarajan et al 2015a,b arxiv:1502.07596 
 arXiv:1506.06150



M A K I N G  C U B E S
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Gridding leakage
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Morales, Hazelton, et al 2012 Hazelton, et al 2013

uv gaps move with frequency wedge-like leakage  

http://loco.lab.asu.edu/danny_jacobs


C ATA L O G I N G
C A R R O L L  2 0 1 4



F O R E G R O U N D  C ATA L O G

by P. Carroll (UW)
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S U B T R A C T I N G  S O U R C E S  
N E A R  T H E  H O R I Z O N

Pober et al (in prep)
Using FHD imager, Sullivan et al, ApJ 2012,  arXiv:1209.1653



D. Jacobs, 2015

P O W E R  S P E C T R U M  F O R E G R O U N D  
C O N TA M I N AT I O N  R E D U C T I O N

Liu, Parsons, Trott PrD 2014a&b!



D. Jacobs, 2015

E M P I R I C A L  C O VA R I A N C E   
E S T I M AT I O N / M I N I M I Z AT I O N

Foregrounds

Noise

Masked channels or 
rank deficiency

Dillon et al PrD 2015, !
arxiv:1506.01026



D. Jacobs, 2015

`

E M P I R I C A L  C O VA R I A N C E   
E S T I M AT I O N / M I N I M I Z AT I O N

Dillon et al PrD 2015, !
arxiv:1506.01026



D. Jacobs, 2015

Y E A R  2  PA P E R  R E S U LT S

AP, DCJ, et al 2014, Jacobs 2015
Y E A R 1 Y E A R 2

A R X I V. O R G / A B S / 1 5 0 2 . 0 6 0 1 6

Ali, DCJ, et al 2015

http://arxiv.org/abs/1502.06016


Early Heating. 

• order of events uncertain, inc 
xray heating


• If it didn’t happen. -> HI in deep 
absorption


• Low X-Ray luminosity (but 
enough Lya for WF)


• Global amplitude constraint 
(450K at z=8, EDGES)


• Pop II vs Pop III

Furlenetto, Oh, Briggs 2006

PopIII

PopII



D. Jacobs, 2015

PA P E R  Y E A R  2  R E S U LT S

Pober, DCJ, et al   http://arxiv.org/abs/1503.00045

http://arxiv.org/abs/1503.00045
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Beardsley 2015, thesis
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H Y D R O G E N  E P O C H  O F  
R E I O N I Z AT I O N  A R R AY

Parsons (UCB) Aguirre (UPenn)

Morales (UW) Furlanetto (UCLA)

Carilli (NRAO\Cavendish)

Hewitt (MIT-Kavli) Tegmark (MIT)

Bowman (ASU)

Jacobs (ASU)

Sievers (UKZN)

R E I O N I Z AT I O N . O R G

Bernardi (SKA -SA)



H Y D R O G E N  E P O C H  O F  R E I O N I Z AT I O N  
A R R AY

• 14m transit dish, 331 element array 

• PAPER feed 

• MWA-type node architecture 

• Fast focus minimizes chromaticity 

• Joint MWA - PAPER enterprise 

• 0.1 km^2

http://reionization.org

http://reionization.org


H Y D R O G E N  E P O C H  O F  R E I O N I Z AT I O N  
A R R AY

• 14m transit dish, 331 element array 

• PAPER feed 

• MWA-type node architecture 

• Fast focus minimizes chromaticity 

• Joint MWA - PAPER enterprise 

• 0.1 km^2

http://reionization.org

http://reionization.org


*scale approximate
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Next Gen Reionization Sensitivity

HERA Memo #4, J. Pober  (reionization.org/memos/)

http://reionization.org/memos/


Danny Jacobs

HERA uv coverage
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Grieg and Mesinger,  MNRAS 2015, arXiv:1501.06576



Grieg and Mesinger,  MNRAS 2015, arXiv:1501.06576
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HERA memo #0, D. Jacobs, reionization.org/memos/ Beardsley et al, ApJ 2015

http://loco.lab.asu.edu/danny_jacobs
http://reionization.org/memos/


E P O C H  O F  X R AY I N AT I O N
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Summary

• Reionization and the Dark Ages are the last unexplored parts of the 
cosmological timeline. Significant focus of both Cosmology and Astronomy 
fields.  Difficult with traditional methods/objects.


• 21cm can probe both regions. Made possible by modern electronics & 
computing


• MWA and PAPER (2005-2016) observing now. Already constraining 
pathological models.


• HERA (2015-2020): will pin down reionization timeline, distinguish between 
plausible models, and provide first images


• SKA Low (2021+) full tomographic imaging to 10Mpc scales
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Correlated stuff
PAPER-32 Power Spectrum Results 9

Fig. 5.— Upper-left: The covariance matrix of delay modes from two representative baselines generated by applying a narrow-band delay
transform (§3.6) to data without the application of a wide-band delay filter; upper-right: Similar to upper-left, but applied to data after
the application of a wide-band delay filter (§3.4); lower-left: Similar to upper-right, but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right: Similar to lower-left, but after removing o↵-diagonal covariance terms common to
all baselines associated with the central seven delay modes. This final step attenuates the expected level of the reionization signal in these
central modes by ⇠30%, but only attenuates other modes by ⇠ 5%.

lossless removal of systematics is another substantial ben-
efit of the highly redundant configurations presented in
P12a.
We apply this technique for each baseline cross-

product, using all baselines except the two being cross-
multiplied for estimating the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systematics into each estimate of the
common-mode covariance. Iterating this process a mod-
est number of times (two or three), produces an improve-
ment in the results as initial baseline-specific system-
atics are first removed from the baseline, allowing an
improved estimate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systematics are removed. Further iteration is not neces-
sary, as the process rapidly converges to the result shown
in the bottom-left panel of Figure 5.
This process, though quite e↵ective, introduces a sec-

ond issue that must be addressed. In Equation 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result. The benefits of avoiding this bias far outweigh
the slight improvement in sensitivity that including such

“auto-products” would produce. Unfortunately, by using
the average of many baselines to estimate and subtract
an average covariance from each baseline cross-product,
and then subtracting o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
estimate.
The most straightforward approach we have found for

eliminating this residual noise bias, other than direct sub-
traction (which introduces additional complications), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
traction of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to estimate P (k). By excluding
intra-group cross-products, this approach sacrifices a fac-
tor of approximately

p
2 in sensitivity (in mK2), but as

before, we find the benefits of avoiding noise bias to out-
weigh the loss in sensitivity.
The last step in the process of suppressing o↵-diagonal
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LOFAR status

• Best images have 10^6 
dynamic range, 6arcsec 
resolution and 10s of uJy 
RMS (this is very very low)


• Currently working on: 
- Polarization leakage (in 
preps Jelic ea, Khan ea) 
- ionospheric effects 
(Vedanthan - arxiv:
1412:1420, Mevius) 
- effects of self-cal and 
imaging (Patil ea, Yattawatta 
ea)
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very preliminary
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LOFAR Polarization Sneak preview

• 1-10K of polarized 
signal


• Mostly diffuse, 
low RM
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Jelic et al (in prep)
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A. z>200: TCMB = TK= TS by 
residual e-, photon, and gas collisions. 
No signal. 
B.  z∼30 to 200: gas cools as Tk ≈ 
(1+z)2 vs. TCMB ≈ (1 + z), but TS = 
TK via collisions => absorption, until 
density drops and Ts!TCMB 
C.  z∼20 to 30: first stars => Lyα 
photons couples TK and TS => 21-cm 
absorption 
D. z∼6 to 20: IGM warmed by hard X 
rays => TK > TCMB. TS coupled to 
TK by Lya. Reionization is 
proceeding => bubble dominated 
E.  IGM reionized

after a similar slide by carilli



LOFAR Update

Variance Statistic: Patil 2014 arxiv:1401.4172 
 Noise limited at 6hrs: Yatawatta A&A 550 136 
Foreground methods: Chapman et al 2012 MNRAS, 2013 MNRAS 



Actual Science

• Gas must be heated to within 
400K of the CMB. (As 
determined by the lowest 
lowest k bins)


• If the power spectrum is 
“peaky”. It must be even much 
hotter still.



PAPER Construction



The Karoo Array Telescope is hosting PAPER at its site



PSA16 2009







PSA64 2011

PSA32 Grid 2012


