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Dark Ages, Cosmic Dawn & EoR

CMB displays a single moment HI emission from the Dark Ages, Cosmic Dawn &
of the Universe. Its initial Epoch of Reionization traces an evolving “movie” of
conditions at ~400,000 yrs baryonic and DM structure formation at tuniv<I|0? years.

Emission of
Cosmic Background
Radiation Dark

AgeS First First
Stars—gpernovae
and Protogalaxy

Black Holes ~ Mergers  pmadern iGala)(ies

“We know more about recombination than about reionization,
even though it forms the foundation of the present-day Universe.”



What will “21-cm Cosmology” tell us?

----------------------------------------------------------------------------------------------------------------------
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Summary of Current Constraints on the EoR/CD

* Scattering optical depths from CMB observations
lonised medium causes CMB polarisation: zeor ~ 8 (latest Planck results!)

* High-z galaxies/Ly-alpha emitters
IR drop-outs give SFR/LF to z~10: SFR rises fast below z~10 but
there are not enough UV photons to reionize the Universe

Ly-alpha emitters seem to drop out already at z>7.

* High-z QSOs
Gunn-Peterson troughs suggest >30% neutral HI at z~7.5, i.e. the end of
reionization occurs close to the highest z QSO/galaxies that we observe

e High-z GRBs
GRBs traces massive star formation. Currently rare events, but z~8.2 GRB
has been seen and could be a direct tracer of the SFR.

* Temperature of the IGM
Extrapolation of the high-z IGM temperature suggest late reionization

* NIR/X-ray backgrounds
Detection of NIR fluctuations made, but far above predictions.
X-rays limit AGN contribution to reionization to ~10% max.

* Discovery of the global 21-cm signal from Cosmic Dawn (EDGES2) in 2018 ?
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Expectations of
the 21-cm Signal of
Neutral Hydrogen

Most evidence points at substantial reionization occurring at
z<|0, being halfway around z~8 and ending around z~6.

But the details are largely unknown: a complementary tracer

is needed that is volume filling and actually traces what is being
ionised and what forms stars/galaxies (i.e. hydrogen itself)

MWSKY-II, Pune, India - March 20,2019



Hydrogen Brightness lemperature

The tomography of HI emission/absorption is a treasure trove of
information for (astro)physics, cosmology & fundamental physics.

Post-Reionization Dark Ages/Cosmic Dawn/Reionization
HI is found largely in galaxies < HI has a filling factor of order unity
TJOO . l T T
600 A
500 " . ":_‘ é
2 4200 8 . At
o ; N, N ; B AN
w 300 )
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100 i
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Credit: Dixon, llliev et al.
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Hydrogen Brightness lemperature

The brightness of the 21-cm signal (in Kelvin; Rayleigh-Jeans regime) that
can be measured with radio telescopes is given by:

ITg —1Tg _
— 1 — Ty
1+ 2 ( )
- I —Tg Cosmology

1+zT/i\

/ QY (035 1727
2723“1 (1 +- 6(,) ( ) ( 5 )
/r 0.023 mez 10

A _
lonization I —1Tg 8rvr
X mKk,
Ts (1+2)H(z)
(G)astrophysics Peculiar velocities/Bulk-flows

The 21-cm signal is set by a complex interplay between
cosmology and (g)astrophysics.



Hydrogen Brightness lemperature

Power-spectrum

10" 10
k (Mpc™)

Signals are scale dependent: A%\~ few to a few hundred mK2 at k~O. |
during the Epoch of Reionization and Cosmic Dawn, respectively.

Credit movie: Mesinger



Hydrogen Brightness lemperature

Power-spectrum

10" 10
k (Mpc™)

Signals are scale dependent: A%\~ few to a few hundred mK2 at k~O. |
during the Epoch of Reionization and Cosmic Dawn, respectively.

Credit movie: Mesinger
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The LOFAR

Epoch of Reionization (EoR)
Key Science Project

Where do we stand at the moment and what keeps us busy?

MWSKY-II, Pune, India - March 20,2019



Current 21-cm Power-Spectrum Detection Experiments/Results

-
GMRT

Epoch of Reionization (EoR) experiment X :

Specs

- 40 hrs data [12/2007] on PSRB0823+26
- FWHM = 3.1d primary beam

- Resolution 20 arcsec

- Freq = 139.3-156.0 MHz [64x0.25MHZz]

- Time resolution = 64 sec
-z=8.1-9.2

Paciga et al. 2013

- J

Specs:

- 3 hrs of data; - August 23 2013

- R.A.(J2000) = Oh Om Os,
Decl.(J2000) = —30° 0’ 0"’

- high-band of 30.72 MHz, centered at
182 MHz i.e.6.2<z<7.5

Dillon et aI.20I5)

PAPER

Precision Array for Probing the Epoch of Relonization

Specs:
- 1148 hrs of data
(8/11/2012 to 23/3/2013)
- 100 to 200 MHz, 1024 chan Retracted

L - visibility integr.: 10.7 seconds Ali et al. 20|5)

. Low Frequency Array

Specs:

- 13 hrs of data; - Feb|1/12 2013

- R.A.(J2000) = Oh Om Os,
Decl.(J2000) = 90° 0" 0"’

- high-band of |15-189 MHz

Patil et al. 2017 )




Current 21-cm Power-Spectrum Detection Experiments/Results

 Low Frequency Array

Specs:

- 13 hrs of data; - Febl 1/12 2013

- R.A.(J2000) = Oh Om Os,
Decl.(J2000) = 90° 0" 0"’

- high-band of 115-189 MHz

Patil et al. 2017 )




The Low Frequency Array

LOFAR is now a European telescope with its core in the Northern
Netherlands, developed by ASTRON+Dutch Universities

(ILT Members: Netherlands, Germany, UK, France, Sweden, Poland, Ireland, Estonia, Italy)

Core

3 km — 48 stations
Netherlands

80 km — |4 stations
Europe

2000 km — 12 stations

Stations have 24 — 48 — 96
antennas/tiles, respectively.

van Haarlem et al. 2013

International LOFAR Telescope (ILT)
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The Low Frequency Array

LBA (10/30-80 MHz)

HBA (110-240 MHz)

(split) NL HBA + LBA station




The Low Frequency Array

“Superterp” aka “Six-pack”
6 densely packed stations




The Low Frequency Array
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LOFAR EoR KSP: Goals

P = P
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feedback on the IGM/ISM? r 123 126

Chserviag Freqeencr [NHz)

H| Absorption

Stromgren Bubbles



LOFAR 21-cm signal Detection Challenges

Detecting the CMB is hard, but detecting the 2 |-cm signal is even harder!!

EOR signal
(~5mK) -
EXTRAGALACTIC 3
foregrounds =T i .
(NO.SK) ! :-L ::- o 7 n 3
R Ko e Many Challenges
GALACTIC it oo ttw L [e———
foregrounds g el 21cm signal
7‘1 "v CY .
(NZK) —— - T -,1 ) t?"'-,‘ .‘ .
L o el
i = D"T e L radio galaxies
P ~ou and clusters

\4

free-free emission

- > G (Astro)physical Instrumental Computational

synchrotron emission

Extragalactic Beam stability Large data rate

@ 120 MHz foregrounds Sensitivity ~1 Pb raw data
Galactic Dynamic Range (Non)-linear optim.
foregrounds UV Coverage of coupled equations
Tonosphere Calibratability 10s Tflop*year
Interference

Polarized emission
Variability



North Polar Spur

Cyg Region

RCrA
—oco NN

Orion A
Gum Nebula
Fornax A LMC

B 25

Foregrounds

Main challenge

The radio sky is extremely bright
(few x 102-3 K):

* Diffuse (polarised) emission
of the Milky Way
* Compact extra-galactic sources

The 21|-cm signal is few x 10-3 K

We need to remove the bright
“foregrounds” from the 21-cm signal.

Luckily: Foreground are spectrally
smooth, whereas the 21-cm signal
fluctuates spectrally.
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The instrument is polarised

Many Other Challenges

* lonospheric refraction/diffraction
* Radio Frequency Interference
Even the best sites have RFI * Beam/Band'PaSS Ca||brat|0n
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The instrument is polarised
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Many Other Challenges

* lonospheric refraction/diffraction
* Radio Frequency Interference
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lonospheric Effects: Refractive & Diffractive

The ionosphere causes direction-dependent distortions of the
sky than need to be solved for on short timescales (DD-calibration)

Bad night 3x3 degrees Good night

"RANE NUMBER: 5.200000e101 FRAME NUMBER: 8.300000¢+01
30-Nec—2013 30s frames ' PS 15—-Dec—2013 30s frames

I T T l ] T T T I | T 1] | ‘ T T 1 | I

48" ’ ) 1 IOMN!
800 - : . I e 1 I | | 1 | 1 I 1 1 1
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gtosm 3200M £ Sl Y o et

1t Ascension (J2000) Rizht Ascension (J2000)

Credit: Ger de Bruyn



lonospheric Effects: Refractive & Diffractive

The ionosphere causes direction-dependent distortions of the
sky than need to be solved for on short timescales (DD-calibration)

Bad night 3x3 degrees Good night
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Correction for Image Distortions

Telescope beam errors are also direction dependent (but vary
slower in time) and need to be accounted for in the data calibration.

Before Correction/Sky-model subtraction After Correction/Sky-model subtraction

(Calibration/Imaging: >250\/<250A baselines)

Credit: Sarod Yatawatta



LOFAR EoR-KSP GPU HPC Cluster: “Dawn”

(d) A cluster rack with eight compute nodes

Hard-core number crunching
on a dedicated GPU-based

32 nodes in . .
cluster in Groningen.

four 19” racks

s Y 3214 GPU (K40)
&l 32x48 (HT) cores

“' . 0.6/0.2 Petaflops
‘ I} in GPU power

P——__—_—

RUG (Groningen) - HPC Clusters
geienasienns N i—— enaniann Dedicated Pablic

(e) Network of the Dawn cluster. The 10GbE high speed
switch (on top with black and yellow cables), 1GbE
login/authentication switch (second from top with white

7 . )
cables) and th 1GbE remote management (iDRAC) switch [ ] I'IOdC I)A\\\ .\ (‘ l 4 l7 hl l': R IIOdC ln‘frn&" ( l 0(' hp\)
(third from the top with white cables). The green LEDs “ (k' B
indicate active network/transmission. Just below the & I l(jﬂ (~ J no S) 132
remote management switch is the Headnode cum s\

software server (blue LEDs) of the cluster. The compute
nodes are placed in two racks each on both side of the
network rack.

72 Port 1DGHE switch (backolane 1.4Th

r----------

ASTRON (Dwingeloo)

4x1) GbE

TR, ) ! Online Storage X
I LOFAR l CEP4 | ! :
T ' Network 1, I P
DUSK CLUSTER 7 [COBALT JI I LOFARCOREM
I (40 nodes) I Lexars : 400TB ]
i One|Direction only [ )
Cluster is connected to storage | | I ' A EARCORES '
clusters and external world via — 10GDE X l"“ ) et '
1 GbE 0 LAA sies M D A A i e e e e

I - I OG b/s ConnectionS. ' ' (SARA. Paznan, Julich)



LOFAR EoR Data-Processing Flow Diagram

Nearly all processing software has been developed in house by our team.
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LOFAR EoR Data-Processing Flow Diagram

Nearly all processing software has been developed in house by our team.
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LOFAR EoR Upper Limits on

the 21-cm Power-Spectrum
during Reionization

UPPER LIMITS ON THE 21-CM EPOCH OF REIONIZATION POWER SPECTRUM FROM ONE NIGHT WITH LOFAR
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Primary EoR Window: North Celestial Pole

* Night-time observing, elevation > 500 LOFAR spectral capabilities:
° Frequency range | 15-190 MHz (Cycle 6:2-3 beams x
32MHz; Cycle 8-9: 7 beams x 12 MHz on NCP—“Fast track”)  8-bit mode 488 sub-bands
* Time/spectral resolution: 2s, 3.2kHz * |sub-band = 0.195 MHz
* Raw data volume: 20 - 70 TB / night * 96 MHz total bandwidth
Currently st stage processing ongoing One sub-band can have up to 256 ch.
(RFI flagging, averaging, initial calibration, imaging) We opted to store 64 ch. max. We

analyse 3-ch. data (~60kHz).

v ~2200 hrs on NCP

v ~1100 hrs on 3C196

v ~300+hrs out of 1000 hrs awarded on
NCP with AARTFAAC/LBA

>5 PB on disk

* NCP: constant beam, all-year observable
e 3C196: bright, compact, wintertime

* 2-3 other windows for various other projects



Primary EoR Window: North Celestial Pole

A complex field made of compact & extended (extra-galactic) sources and
diffuse emission from the Galaxy (in Stokes I, Q, U)
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A recent wide-field view of the the NCP with LOFAR AARTFAAC-LBA- & HBA-12 system

Image credit: Bharat Gehlot & Florent Mertens
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Primary EoR Window: North Celestial Pole

Diffuse Emission:

Observations with LOFAR-

AARTFAAC-HBA-12 @ 122MHz.

Cross-correlating all 576 tiles.
Baselines >5A.

Only Dl-calibration on CasA/
CygA, which are subtracted, as
are all compact sources (CLEAN).

This diffuse emission is why

we calibrate on >250A baselines.
If not, calibration will be biased
and signal will be subpressed.

Image credit: Bharat Gehlot

Al12 HBA
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Primary EoR Window: North Celestial Pole

Diffuse Emission:

Observations with LOFAR-
AARTFAAC-HBA-12 @ 122MHz.

Cross-correlating all 576 tiles.
Baselines >5A.

Only Dl-calibration on CasA/
CygA, which are subtracted, as
are all compact sources (CLEAN).

This diffuse emission is why

we calibrate on >250A baselines.
If not, calibration will be biased
and signal will be subpressed.

Image credit: Bharat Gehlot

Al12 HBA

—r

[Jy/PSF]



Primary EoR Window: North Celestial Pole

Confusion limited image of the NCP

Compact Sources:

 BW=60 MHz
e 200 x 20°; 3’ FWHM PSF

Note that this image is the sky
residual: 28,000 bright sources
are removed dfter calibration in
| 22 directions for each station
and frequency channel, for each
~20 min time interval.

All of this emission, should be
spectrally smooth, otherwise
one would not be able to

detect the EoR 21-cm signal.

Image credit: V. Pandey

Beam-for"‘nfjediLé_)FAR HBA data
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NCP — Residuals after Sky-Model Subtraction

Stokes | (30-8001)) - residuals

Srakes \VV (30-800 1) - residuals

Top images shows 20x20d FoV in
Stokes | (left) andV (right) with
3’ resolution.

Stokes | shows the primary beam
and is confusion limited; StokesV is
consistent with thermal noise to

within ~5%.

White box in top of primary beam: region
being analysed for power-spectrum

Bottom images shows 10x10d FoV in
Stokes | (left) andV (right) with
10’ resolution.

Patil et al. (2017, Ap))
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NCP — Residuals after Sky-Model Subtraction

ﬁfter DD-calibration and x|
'sky-model subtraction

After Dl-calibration

155

150 .
Tyil, i) [K]

115 — 160
F
it 190 Slice (3°) trough the cube in one
135 spatial direction and frequency
' 4 50 (note scaling in brightness for some panels).
130 N
- 40
125 i

Note the resemblance between
v GMCA model (Chapman et al. 2013)
After GMCA FG and data after DD calibration.
model subtraction —0

BRI Do o O g | e
AR [ T
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—120 Dashed lines are the three redshift

0 ranges: z=/.9-8.7, 8.7-9.6, 9.6-10.6

Patil et al. (2017, Ap))
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NCP — Power Spectra Results

Currently these are the deepest 2|-cm power spectrum limits of all 21-cm signal
experiments but still far away (factor ~103-4) from a detection of the signal.

Averaging spherically provides the lowest errors (maximum # of samples per shell).

Al ] T LA Al Al Ll ' Ll L L L L I
I - - - - +
z=10.1 z=9.1 + z=8.3
+
; +
+ -
10° | 4 0o F Gl I o + X -
B B + - C
+ - B ; 4
I : “reference”
— I +
';'x o O %
- O
2 i 1
'(1 O [~
1 E o 4 10 1 10° | =
“‘best” } ] I
+ + A7 (StokesT)
~ o A2 (Stokes V) |-
x x A7 —AF
— 103 o 104 L . '
10 ! 10 ! 1mn !
% |hcMpe—1] k |heMpe ') l:h eMpe ']

Patil et al. (2017,Ap))
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LOFAR EoR — New Results
from |0 Nights of Data

Where do we stand at the moment and what has kept us busy?

MWSKY-II, Pune, India - March 20,2019



Our 2017-2018 Roadmap

oy s

* Remove/reduce “excess variance” (3-4x thermal variance).

* Improve the sky/calibration model further reducing gain errors transferred to
shorter baselines; Improve DD calibration; Improve beam-model

* Include diffuse emission from Stokes, Q, U and possible | to enable including short
baselines in calibration (currently not possible)

* Improve diffuse FG subtraction via various methods (e.g. above).

* Use cross-variance methods to avoid the noise bias in PS analysis.

* Improve cross-correlation of gain solutions with various metrics to gain insight.

.~ -

P L
% =

* If OK, include previously flagged short (30-60 lambda) baselines that have very high
PS sensitivity (~10x deeper at k~0.03, vs k~0.05 at the moment).

* Analyse and combine more of the data (| [Qm |00 nights, rather than ~I night).

~
.......

P Y

* Add second field to the processing/results: 3C196

.

* Keep collecting data (~3000hr total)

...................................................................................................................................................................................................

-~
~



Calibration — 21-cm Signal Suppression

The bias-variance trade-off in calibration and foreground removal is critical

No baseline cut

Direction Dependent Calibration

Gains can absorb diffuse emission
including the 21-cm signal !!

This causes:

a. Signal suppression if the gain
solutions are not spectrally
smooth.

b. Excess noise if the sky model
is incomplete.

Two solutions:

|.Optimal: Enforce spectrally
smooth (>3MHz) gains.

2.Cheap: Introduce a baseline cut -
i - : . CE73
— no bias, but excess noise. 2 88 =
c o
A LW e

Sardarabadi & Koopmans, 2018;
Mevius et al. in prep.

Complete Sky
Model
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Calibration — 21-cm Signal Suppression

The bias-variance trade-off in calibration and foreground removal is critical

Regularisation but now with baseline cut & incomplete sky model.

)| - i |

Spectrum Ratio Res duallnpuat

—3

Direction Dependent Calibration
Gains can absorb diffuse emission
including the 21-cm signal !!

This causes:

a. Signal suppression if the gain
solutions are not spectrally
smooth. ’

b. Excess noise if the sky model
is incomplete.

Two solutions:
|.Optimal: Enforce spectrally
smooth (>3MHz) gains.
2.Cheap: Introduce a baseline cut
— no bias, but excess noise.

Sardarabadi & Koopmans, 2018; 5
Mevius et al. in prep.
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Foreground Removal — Gaussian Process Regression

Twelve nights of data have now been calibrated, sky-
model subtracted, imaged, and cleaned of foreground .
emission. Ten ‘best’ nights are further analysed (140h).
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ian Process Regression
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Foreground Removal — Gaussian Process Regression

The effect of coherence is strong between |h LST slices; less so for full 12h tracks.

Night Coherence (abs, w _threshald = 0.02) of 2D PS Stokes | in z=B8.7-9.6 & LST10
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Foreground Removal — Gaussian Process Regression

The effect of coherence is strong between |h LST slices; less so for full 12h tracks.

Night Coherence (phase, w_threshold = 0.02) of 2D PS Stokes | in z=8.7-9.6 & LST10
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Foreground Removal — Gaussian Process Regression

Variance in the frequency direction after applying a “wedge-filter” (inside 90° horizon) to
the visibility cube and imaging. Coherence ~0.3MHz, excess shows the primary beam

L196421 ~ L20586l L253987

1254871
i S This is caused by residual gain
errors due to an incomplete sky
model and not fully enforced gain
smoothness.Applied to the sky
model this causes excess noise.

Credit: Hyoyin Gan




Power-Spectra — Night-to-night Correlations

There are still correlations between nights. Closer correlation for nights starting
at the same sidereal time: suggests that part of the sky still leaks through

L254871
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Power-Spectra — Night-to-night Correlations

There are still correlations between nights. Closer correlation for nights starting
at the same sidereal time: suggests that part of the sky still leaks through
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Power-Spectra — Night-to-night Correlations

There are still correlations between nights. Closer correlation for nights starting
at the same sidereal time: suggests that part of the sky still leaks through
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Power-Spectra — No 21-cm Signal Suppression

The bias-variance trade-off in calibration and foreground removal is critical.

No 21-cm signal suppression in GPR is found in GPR:

We assess that GPR does not suppress the 21-cm signal via simulations
and via signal injection in to the real data: Ratio recovered/input signals >= [.0

Simulation: recoverd / input NI
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Power-Spectra — No 21-cm Signal Suppression

The bias-variance trade-off in calibration and foreground removal is critical.

No 21-cm signal suppression in GPR is found in GPR:

We assess that GPR does not suppress the 21-cm signal via simulations
and via signal injection in to the real data: Ratio recovered/input signals >= [.0

Injection: recoverd / input T
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Power-Spectra — Forecast for >1000h

2 o upper limits at k=0.1hMpc '
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Some dessert after the main course...

AARTFAAC Cosmic Explorer ‘ACFE’

All-Sky Imaging in the EDGES band

Probing the 2 |-cm signal during the Cosmic Dawn

MWSKY-II, Pune, India - March 20,2019



AARTFAAC Cosmic Explorer (ACE) Program

EDGES2 results motivated the 1000-hr ‘ACE" multi-cycle program with
LOFAR-LBA using the AARTFAAC system/correlator; ~300+h or data in hand.

Cross-correlate all 576 LOFAR LBA dipoles over ~2.5 MHz between
72.5-75MHz (z~18) using 42x6 | kHz channels + two outrigger subbands.

AA RTFAAC-LBA-IZ = 576 LBA dipoles cross-cqueetated
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AARTFAAC Cosmic Explorer (ACE) Program

But alternative, more plausible, models exist consistent with standard 21-cm signal models
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AARTFAAC Cosmic Explorer (ACE) Program

=400

Regardless, the EDGES2 result has generated an enormous interest.
If genuine, it requires ‘exotic physics’, such as the cooling of baryons by
scattering off dark matter, to explain the depth of the signal (-600mK).

Global-signal models; some affect the Dark Ages Constraint on DM particle mass and cross-section
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AARTFAAC Cosmic Explorer (ACE) Program

Observations started in May 25 2018; continue for 4 Cycles until 2020.

-2000 Stokes I (K| 15000

Single sub-band (@68MHz); 5.8hr
integration; sliced and calibrated
(NDPPP) per 10min with
20s/65kHz solution intervals). Sky
model: Cas A, Cyg A,Vir A, 3C380,
3C196,3C295

Gehlot et al. 2019
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AARTFAAC Cosmic Explorer (ACE) Program

Cylindrical power spectra at z~|8 before and after FG removal w/GPR
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AARTFAAC Cosmic Explorer (ACE) Program

Cylindrical power spectra at z~|8 before and after FG removal w/GPR
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AARTFAAC Cosmic Explorer (ACE) Program

Spherical power spectra at z~18 before and after FG removal w/GPR
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“Excess noise” remains and appears “white”. It seems to have a constant scaling w.r.t the
thermal noise — origin not yet known, but suspected to be related to gain calibration errors.

Gehlot et al. 2019



AARTFAAC Cosmic Explorer (ACE) Program

Sensitivity of AARTFAAC is sufficient in 1000h to exclude the
most extreme models by Barkana (2018) & Fialkov et al. (2018, 2019)
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New Extension in Nang¢ay Upgrading LOFAR: NenuFar

e _\New Extens

First data taken on NCP field in December 2018.
Cosmic Dawn Key Science Program starting ~2020.




New Extension in Nang¢ay Upgrading LOFAR: NenuFar

Starting a new Key Science Project: 21-cm signal from the Cosmic Dawn!

Power-spectrum, z=20.00

| — o 1 Spectrum 00p
w— Total Error C
w— T hermak- Noise l
Sample Variance :
2000t s e el A
100
X I e A8 0 & 3 5 10 18
E E % |m)
c:;- ; 0
b
-100
‘ 1%
Power spectrum sensitivity for a ~200¢ ™
10} nominal 21-cm model at z=20 ' | -
| S . - - LA Al 2.l ISESEEEEEa. I E=—- LAl A Al Alll)
'6 2 et "; ; 300 200 -100 0 100 200
-1 X (m)
K(hMpc ')

Large number of dipole receivers (96x19 = 1824) leads to extremely high
sensitivity at low frequencies (f~1 @ 30MHz); Nancay, France)

Zarka et al. 2015



General Summary

The 21-cm signal from the Dark Ages, Cosmic Dawn and Reionization
promises a new and unique probe of the Ist billion year of the Universe.

* Current Status LOFAR EoR Key Science Project

» Only upper limits on the 21-cm signal, but much better understanding

of the entire signal processing chain (in particular calibration!)

» LOFAR-HBAJ/LBA has obtained the deepest upper limits on PS @ k=0.1,
z=8-10 (EoR), and at z=20-25 (CD; not presented here).

» AARTFAAC-LBA-12 (‘ACE’ Programme) probes models the from Barkana
(2018), Fialkov et al. (2018) based on the EDGES2 results.

* Next steps
» Improve DD-gain solutions (enforce smoothness) to further reduce excess

variance and bias in the 21-cm signal (on short baselines). Improve sky model
by including diffuse emission from AARTFAAC-HBA-12. (Ilessons for SKA!)

» Process all LOFAR-HBA NCP data (~2200hrs) at z=9 (going deep fast).
» Idem for the other redshifts and 3C196 window (~1100h data in hand).

MWSKY-II, Pune, India - March 20,2019



