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Summary

The EDGES experiment has detected an absorption feature in the
sky-averaged spectrum centered at 78 MHz.

This is consistent with stars forming by 180 Myts after the Big Bang.
Feature is deeper, sharper, and earlier than expected.
We remain agnostic regarding the interpretation.

We are working to verify the measurement.
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Emission at 21 cm from Hydrogen Atom
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Spin Temperature (1)

Nypper —3. exp (_ h - UZlcm)

Nyower

U21cm = 1420 MHz
h : Planck constant
ky : Boltzmann constant

http:/ /www.cv.nrao.edu/course/astr534/HILine. html

. Trt + x. Tt + xq Tyt
5 1+ x, + xg

Tr: temperature of background radiation
Tk: kinetic temperature of the gas

T,: color temperature of Lya photons

X¢: coupling due to collisions

Xgq: coupling due to Wouthuysen-Field effect
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Nature and Timing of First Sources

z= 80 40 20 10 5

S0 FT T ° T ¢ 1 r T

[] L
T -50 .
E t -
[_.;lﬂﬂ = Decrease_d fI_UIDl _:
~150 £ X-ray heating _f‘x= :!'.;] _:
—f,=100 .
-200 [ E
50 F LI L LI =

0 C
T -50 | Ly-alpha 5
E C .
5100 | [,=0.01
= C ]
-150 F =1 4
- =100 -
_EDG __ 1 1 I 1 [ 1 I [l 1 1 [ I [] [} 1 T I 1 1 1 .__

50 100 150 200 250
v[MHz]

Pritchard & Loeb (2011)



T, (MK)

Range of Traditional Models is Wide

Redshift, z
50 3.0 1.5 1'0 7:5
0

-50} =
-100+ :'é
-150}
_20040 60 8.0 160 1I20 1;10 1&50 180

Frequency (MHz)

Fialkov et al. (2014)

20

10

-20

-30
5

— 20k 'Mpc boxes (6)
— 40k 'Mpc boxes (3)
— 80k ' Mpc box

7

10

15 20

z

30

Kaurov & Gnedin (20106)

511
LOAh
150g 3 10 12 11 16 18
Redshift, =z
Greig & Mesinger (2017)

50
R :
£ -5
= _100F
&; :

—150f
—~200b—

of

z
5080 30 20 151210 8 7 6

=100 150 200

v (MHz)
Mirocha et al. (2017a)

z
80 3020151210 8 7 6

PR I

50

~[00 150 200
v (MHz)
Mirocha et al. (2017b)



“ttect of Lower Gas Temperature

Dark age Cosmic dawn

— TR

— T

S
-=Tg

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

Radiation Temperature

/ could also be different

Temperature (kelvin)

6 17 47 100 180 550
Time since Big Bang (million years)

Greenhill 2018, Nature, 555, 38



Epoch of Reionization Constraints (Hot IGM)
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Global 21-cm Measurements

1) Probe of the average:
* Kinetic and Spin Temperature of IGM
* Radiation Background
* Fraction of Neutral Hydrogen

2) Provides constraints on:
* Timing and strength of UV coupling and X-ray heating
* Type of early sources (Popll vs Poplll, Black Holes, X-Ray Binaries, etc.)
* Mechanisms of star formation cooling and feedback
* Redshift and Duration of epoch of Reionization

3) “Simpler” instrumentation than arrays.

4)  One of few current alternatives to probe Cosmic Dawn (z > 14) period.



Challenges

1) Hard instrument calibration problem.

2) Strong diffuse foregrounds compared to 21-cm signal.



Diffuse Foregrounds

45-MHz Map
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408-MHz Map

Haslam et al. (1982)

1)  From hundreds to thousands of Kelvins.
2) Include Galactic and Extragalactic.

3)  Mostly Galactic synchrotron radiation.
4)  Spectrally smooth (e.g., Fornengo et al. 2014)

5) Might need several terms to model (Bernardi et al. 2015)
6) Large spatial gradients.




Global 21-cm Experiments

PRI*M SARAS 2 LEDA
(Kwazulu-Natal, Sievers et al.) (RRI, Subrahmanyan et al.)  (Harvard, Greenhill et al.)

SCI-HI CTP

(Carnegie Mellon, Peterson et al) ~ HYPERION
(Berkeley, Parsons et al.)
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EDGES Block Diagram
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EDGES Low-Band

Antenna size:
2m long / 1m high




Ground Plane

Extended Ground Plane:
Central Square: 20m x 20m
16 Triangles:  5m-long




1)
2)
3)
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Instrumental Calibration

Receiver gain and offset.
Impedance mismatch between receiver and the antenna.
Antenna and ground losses.

Frequency-dependence of the antenna beam.
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Summary of the Detection
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Phenomenological 21-cm Model
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Sensitivity to Possible Calibration Errors

Estimated Modelled Recovered

Error source uncertainty error level amplitude (K)
LNA S11 magnitude 0.1 dB 1.0dB

LNA S11 phase (delay) 20 ps 100 ps

Antenna S11 magnitude 0.02 dB 0.2dB

Antenna S11 phase (delay) 20 ps 100 ps

No loss correction N/A N/A

No beam correction N/A N/A

J. Bowman, A. Rogers, R. Monsalve, T. Mozdzen, N. Mahesh 2018, Nature, 555, 67



Different Hardware Cases

Age of the Universe (Myr)
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Hardware and Processing Cases

Configuration s;";:'r’s“f SNR Ce""‘?h';:_fz";“e"cy Width (MHz) Amplitude (K)

Hardware configurations (all P6) /\ /\ /\
H1 —low-1 10x10 ground plane 528 30 781 204 0.48
H2 — low-1 30x30 ground plane 428 52 78.1 18.8 0.54
H3 —low-1 30x30 ground plane and recalibrated receiver 64 13 77.4 19.3 0.43
H4 —low-2 NS 228 33 78.5 18.0 0.52
HS —low-2 EW 68 19 77.4 17.0 0.57
H6 — low-2 EW and no balun shield 27 15 781 219 0.50
Processing configurations (all H2 except P17)
P3 — No beam correction 19 78.5

No beam correction (65-95 MHz) 25 78.5

HFSS beam model 34 78.5

FEKO beam model 48 781
P4 — No loss corrections 25 77.4
P7 — 5-term foreground polynomial (60-99 MHz) 21 781
P8 — Physical foreground model (51-99 MHz) 37
P14 — Moon above horizon 44

Moon below horizon 40
P17 — 15°C calibration (61-99 MHz, 5-term) 25

35°C calibration (61-99 MHz, 5-term) 16

J. Bowman, A. Rogers, R. Monsalve, T. Mozdzen, N. Mahesh 2018, Nature, 555, 67




Absorption Amplitude for Various GHA

Galactic Hour . Sky Temperature
Angle (GHA) SNR Amplitude (K) y (K";
6-hour bins /\
0 8 0.48 3999
6 11 0.57 2035
12 23 0.50 1521
18 15 0.60 2340
4-hour bins
0 5 0.45 4108
4 9 0.46 2775
8 13 0.44 1480
12 21 0.57 1497
16 11 0.59 1803
20 9 0.66 3052

J. Bowman, A. Rogers, R. Monsalve, T. Mozdzen, N. Mahesh 2018, Nature, 555, 67



How to Explain Deep Signal?

Higher than zero
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Interaction of Baryons with Dark Matter?
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Interactions of Baryons with Dark Matter?

R. Barkana 2018, Nature, 555, 71
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Interactions of Baryons with Dark Matter?

Nature of the interaction being debated

Talks on May 30' by Julian Mufioz and Sam McDermott

Current consensus is that enough IGM cooling can be achieved if a small fraction (~1%o)
of DM particles posses electric minicharge (~107° the charge of an electron).

The DM mass is constrained to ~ 1-60 MeV (Mufioz & Loeb 2018, arXiv: 1802.10094v2)



Stronger Radiation Background ?

T +T
T,.(z) o <1 _ TcmB EXCESS

TCMB atz =~ 17 is 45 K.
Ts >

For an absorption deeper by a factor = 2
we need TEXCESS > TCMB'

A. Ewall-Wice, T.-C. Chang, J. Lazio, O. Dorie, M. Seiffert, R. A. Monsalve  (arXiv: 1803.01815v1)

1)  Black Holes from Pop-III stars, formed at Z =~ 30 — 20 could produce enough background radiation.

2)  In some scenarios, Tgxcess >> T'cmp- Large absorption reduced by X-ray heating, and reionization from same
sources.

3)  In some scenarios, reionization from these X-rays is consistent with Planck estimates for 7.

4)  Broadly consistent with Source Populations, CXB, CIB, and Radio Background at z = 0.

Problems?
1)  Models producing required excess radiation by z = 17, could over-produce the measured black hole density at low Z.
2)  Some mechanism necessary to supress black hole formation at z < 17.

3)  If metallicity is high (0.001 of Solar), Pop-III formation should cease.



Stronger Radiation Background ?

A. Ewall-Wice, T.-C. Chang, J. Lazio, O. Dorie, M. Seitfert, R. A. Monsalve  (arXiv: 1803.01815v1)
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UV Luminosity Functions
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With EDGES we remain agnostic about the
cosmological/astrophysical explanations, and
focused on the verification of our measurement.

Other experiments trying to verify the measurement include

PRIZM, L.LEDA, and SARAS 2
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1)

2)
3)
4)

5)

Summary

The EDGES experiment has detected an absorption feature in the
sky-averaged spectrum centered at 78 MHz.

This is consistent with stars forming by 180 Myts after the Big Bang.
Feature is deeper, sharper, and earlier than expected.
We remain agnostic regarding the interpretation.

We are working to verify the measurement.
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