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The first generation of telescopes got us started
on measuring the 21 cm power spectrum.

21 cm Power Spectrum Limits for 0.05 <k < 0.6 h Mpc™!
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So how does HERA measure
the 21 cm power spectrum?



Step 1: Calibration



Intensity

The key problem in 21 cm cosmology.
s maintaining the separability of
e 5|gna| cmd foregrounds ‘
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Individual antenna response
must be precisely calibrated.
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HERA was designed to be calibrated using the
internal consistency of redundant baselines.
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Example raw HERA data for
a single redundant baseline:
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Phase of Uncalibrated Visibilities for a 29 Redundant Baseline



Imposing the redundancy
constraint helps solve for all gains.
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Phase of Redundant-Calibrated Visibilities for a 29 m Redundant Baseline



Step 2: Reflection and
Cross-Talk Systematics
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And as soon as

we Fourier
transform our
data, we run into
a problem: high
delay (kn)
systematics on
every baseline!
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Kern, Parsons, Dillon, et al. (2019ab)



To understand this effect, we have to examine
the temporal structure of the foregrounds and
the systematics—how fast they “fringe.”
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Step 3: Power Spectrum
and Error Estimation



Working outside the foreground-dominated
region, we get our power spectrum upper limit.
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Our first (and world-leading!) limit with just
18 nights and a very conservative analysis.
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Step 4: Validation with
End-to-End Simulations
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The simulation is really starting to
reflect the complexity of real data.
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We're able to extract a simulated signal and
quantify our biases, which raise our limits by ~10%.
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Step 5: Astrophysical and
Cosmological Interpretation



We can already largely rule out an
IGM unheated by X-rays at z=7.9,
though this is not at all surprising.

10 —

8_- 07121 cm o< (14 9) {1 } THI
Y 6-
S '
o
—
Ruled Out at 68% Confidence
2 o N A o o — Adiabatically
' Ruled Out at 95% Confidence cooled IGM
0 : | : ] - : . . :
0.0 0.2 0.4 0.6 0.8 1.0

Neutral Fraction

PRE LIMINARY! HERA Collaboration (in prep.)



= M1s00 M1s00 Mis00 redshift
logi10fx, 10 = -10 -15 -20 -10 -15 -20 —-10 -15 -20 6 7 8 9 10 111213 1517 20 25
- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
—1.251324(-1.21) 1 z=6 z=8 z=10 1.00 o
n_l.,o 0.75 - 0.05 0.10
(@] 1
o I A 5.9
s < 0.50
JII -E-
't as = 0.25 A Greer+15
{1 0.06+0.05
2 0.49%811(0.51) 0.00 -
2 0 H
o ] >é -50 -
o .
K |1 - with HERA > _100 A
* 0y - fo) = . o)
SO i\ G1ofesc, 10 without HERA _150 -
) ' +0.62
| ! ~1.01%3:43(-1.31) 900
o7 d Lot | k=0.13cMpc? 3
S v
o
o E
v a. _ o g 102 4
esc T‘\Q
w
I)lﬂ%n I @ /
VA
—l— D00 18Y
%)
K AN
§09 l0910[Mtyrn/Mol = 103 T
N Planck18 : HERA(norL)
7 +0.008 +0.014
° 8.8270£2(8.03) ® Lo | 00770007 0.060-0 005
[+
o
E.(,Q‘Q ]
- 0 ] \
5o | e
R
¥
N
o2
gl "
S ™
N Y '
5,0 Yo
o [1a
v|=
%Tb‘gﬁb
ol RN Eo/keV =
o&b‘Q;L /
> D 0.68+9:39(0.81
gm)‘b.“‘ To:39( )
’56) 1 1 1 1 1 I\J 1 1 1 1 1 1 1
N A
’1/ \/\,\?/\_ o \\’\
>
(0] i
W o 1 1 H - - -
LMW |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2P OO0 P00 A% CO0O0 PO oXe® %00 O >0 O R0 >0 9.9
/’b /'\ /'\, /0 Q /Q Q' Q7 O O /’1« /‘\/ /‘\/ /Q Q /0 /Q /Q Q- Q D B 9O \9 Q" QO O O A ,-,;b ,,)Q b‘Q D&Q bl\’ Q7 QO QO AN AN

l0g10f+, 10 ax l0g10fesc, 10 Qesc l0910[Mturm/Mo] tx Lx <2kevrs Eo/keV

erg s™t Mgl yr

Pl! LIMINARY! HERA Collaboration (in

logio

prep.)



Median Nights Binned Per LST
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We'll have way more sensitivity with a full
season (~100 nights) and the full array, and
should easily rule EDGES in or out.

MHz)

Observed Frequency (
75

200 150 125 100

Fiducial Heating
Scenario 60
Radio Background (b
103 { ™ to explain EDGES P(
& e
- W o
- T N
E 102 1 HJF,—::B\ r
TR &
101 ; AV‘

50 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0

Redshift
Figure: Aaron Ewall-Wice



Which means we can precisely measure
the ionization history of the universe.
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We'll eliminate T as a CMB nuisance parameter,
improving A, errors by a factor of 4.
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And, maybe increase the significance of a
detection of non-zero Zmy with CMB-S4.
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In Summary...
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