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OVERVIEW
I. WHY is the 21cm 

signal interesting?
II. HOW do we

measure it?
III. WHEN will we

observe it?

2
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Reionisation & Cosmic Dawn
Why?

The chronology & topology of reionisation can shed light on the nature of the first stars, the 
formation of galaxies, the density of the IGM…
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Understanding reionisation
Why?

Current constraints on reionisation history
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Understanding reionisation
Why?

Current constraints on reionisation history

Separate analyses of datasets

Time since Big Bang (Gy)
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• Starts slowly around redshift 15-20
• Reaches 50% ionisation around z = 7
• Ends z < 6
• Lasts for 0.5-1Gy

So what do (we think) we know so far?
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Understanding reionisation
Why?

Current constraints on reionisation history

Separate analyses of datasets

Not that much…

So what do (we think) we know so far?

How can we do better?
1. By combining data sets

but number of 
assumptions

Joint analysis of datasets
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See, e.g., Muñoz+2024
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Understanding reionisation
Why?

So what do (we think) we know so far?

How can we do better?
1. By combining data sets
2. By working on our theoretical understanding of 

reionisation

Not that much…

With simulations… Or analytical models…

21CMFAST, BEoRN, LICORICE, 
EMMA, CODA, C2-ray …

See, e.g., Furlanetto+2004, 
Gorce+2020, Schneider+2020, 
Mirocha+2022, Muñoz 2023, 

Georgiev+2024…
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Understanding reionisation
Why?

So what do (we think) we know so far?

How can we do better?
1. By combining data sets
2. By working on our theoretical understanding of 

reionisation
3. By working on our understanding of observations 

themselves

Not that much…
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The 21cm signal
Why?
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The 21cm signal
Why?
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Picture adapted from C. Chiang
z = 1100z ≃ 1

With the 21cm signal, we can map the Universe  
at any redshift and follow the growth of 

ionisation bubbles.

z = 1080
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The 21cm signal
Why?

21CMFAST, Mesinger+2016

Why is the 21cm signal interesting?
Ø It could be measured at any redshift
Ø It contains information about

• the global history of reionisation 
• the properties of the early Universe and galaxies

Example : two simulations with different reionisation histories give different ps, global and maps at 
given z
And this difference is sourced by astrophysical parameters
-> 21cmfast Mturn 8 and 10

For different minimal halo mass required for the hosted galaxy to produce ionising photons:
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The 21cm signal
Why?

21CMFAST, Mesinger+2016

Why is the 21cm signal interesting?
Ø It could be measured at any redshift
Ø It contains information about

• the global history of reionisation 
• the properties of the early Universe and galaxies

Ø Its different observables are complementary

Example : two simulations with different reionisation histories give different ps, global and maps at 
given z
And this difference is sourced by astrophysical parameters
-> 21cmfast Mturn 8 and 10M
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The 21cm signal
Why?

Why is the 21cm signal interesting?
Ø It could be measured at any redshift
Ø It contains information about

• the global history of reionisation 
• the properties of the early Universe and galaxies

And a lot more
• Cosmology
• Cosmic strings
• Beyond the standard model
• Cosmic heating
• …



HOW?
Status of high-redshift 

21cm observations
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The 21cm signal
How?

Chapter1.Introduction

Figure1.2:Snapshotsoftheionisationfieldinthersageconstsimulation(seeApp.B.2)
atdifferentphasesinthereionisationprocess.Leftpanel:Pre-overlap:HIIregionsgrow
aroundeachisolatedionisingsource.Middlepanel:Overlap:Galaxiesformandremote
ionisedbubblesoverlap.Rightpanel:Postoverlap:IGMisfullyionised.

vationallimitofeventhenext-generationinfraredinstruments,suchastheJamesWebb
SpaceTelescope(JWST,Gardneretal.2006)2andsowouldlikelybemoreeasilyspotted
inthe21cmpowerspectrum(Qinetal.2020a).Finally,high-redshiftmini-quasarsare
thepotentiallow-massseedsforz>7supermassiveblackholes.Theycouldbetheresult
ofthedirectcollapseofPopIIIstars,ofprimordialblackholes,orbePopIIIremnants
(Zackrisson2020).BecauseoftheirpotentialhardX-rayemission,theycouldalsohave
contributedtoIGMheating,andtheyareobservablewithfar-futureX-raytelescopessuch
asNASA’sLynx(Gaskinetal.2019)3,uptoz=10.Onecanalsoimaginecontribution
fromPopulationIIIgamma-rayburstsorgalaxies.

ReionisationoftheIGMwillhappenoncethefirstluminousobjectsappearinthesky,
emitphotonswithsufficientenergytoioniseanhydrogenatom(E>13.6eV)andonce
thisradiationescapesfromthehalohostingthesource.Ifweconsiderthatgalaxiesled
thereionisationprocess,inaninside-outscenario,weassumethationisedbubblesform
aroundeachsourceandthesebubblesgrowinvolume,eventuallyoverlappinguntilthey
covertheentireIGM.ThisisillustratedinFig.1.2inthecaseofthersagesimulation
(Seileretal.2019).Inthisscenario,thedensestregionsoftheIGMarethefirstonesto
getionisedbecometheyhosttheverysourcesofreionisation.However,thehighdensity
oftheseregionsalsomeansthatrecombinationsaremostlikelytohappenatahigherrate
inthem.Thiscanleadtonewlyformedionisedregionstorecombineveryquickly,and
theleastdenseregionsoftheIGMtobethefirstdefinitivelyionisedregionsofthesky,in
aso-calledoutside-inscenario.Indeed,considerasourceionisingitssurroundingneutral
medium4.Asmentionedabove,recombinationscompetewithionisationsuntilreaching

2
Seehttps://www.jwst.nasa.gov.
3

Seehttps://www.lynxobservatory.com.
4

Thisformalism,originallyderivedinthecaseofasinglestar,isheregeneralisedtoawholegalaxy,

morerelevantforcosmicreionisation.

8

Global signal

Power spectrum

Intensity mapping

Time

21CMFAST, Mesinger+2016

ionised
neutral

Reionisation X-ray heating Ly⍺ coupling Dark Ages
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Dipoles around the world

A world-wide effort…

How? Global experiments

REACH

EDGES

SARAS

RHINO

ALBATROS

PRIZM

MIST
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The EDGES results
How? Global experiments

Redshift

- 600 mK

Amplitude
o IGM cooled down by dark matter 

(e.g., Barkana+2018)
o Very early radio-loud quasars 
       (e.g., Ewall-Wice+2018)
o Systematics (e.g., Singh+2019)
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hÃB̃i =
D⇣
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Shape
o  Extremely efficient star formation
        (e.g., Mirocha & Furlanetto 2019)
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SARAS results

No evidence of the signal in the SARAS data
Systematic-related origin of the EDGES signal: 
rules out best-fit at 95% 

⚠ Smaller bandwidth

How? Global experiments

SARAS 3
Singh+2022

SARAS band

Observed signal

Residuals
EDGES 
model
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The 21cm signal
How? Interferometers

21CMFAST, Mesinger+2016

Chapter1.Introduction

Figure1.2:Snapshotsoftheionisationfieldinthersageconstsimulation(seeApp.B.2)
atdifferentphasesinthereionisationprocess.Leftpanel:Pre-overlap:HIIregionsgrow
aroundeachisolatedionisingsource.Middlepanel:Overlap:Galaxiesformandremote
ionisedbubblesoverlap.Rightpanel:Postoverlap:IGMisfullyionised.

vationallimitofeventhenext-generationinfraredinstruments,suchastheJamesWebb
SpaceTelescope(JWST,Gardneretal.2006)2andsowouldlikelybemoreeasilyspotted
inthe21cmpowerspectrum(Qinetal.2020a).Finally,high-redshiftmini-quasarsare
thepotentiallow-massseedsforz>7supermassiveblackholes.Theycouldbetheresult
ofthedirectcollapseofPopIIIstars,ofprimordialblackholes,orbePopIIIremnants
(Zackrisson2020).BecauseoftheirpotentialhardX-rayemission,theycouldalsohave
contributedtoIGMheating,andtheyareobservablewithfar-futureX-raytelescopessuch
asNASA’sLynx(Gaskinetal.2019)3,uptoz=10.Onecanalsoimaginecontribution
fromPopulationIIIgamma-rayburstsorgalaxies.

ReionisationoftheIGMwillhappenoncethefirstluminousobjectsappearinthesky,
emitphotonswithsufficientenergytoioniseanhydrogenatom(E>13.6eV)andonce
thisradiationescapesfromthehalohostingthesource.Ifweconsiderthatgalaxiesled
thereionisationprocess,inaninside-outscenario,weassumethationisedbubblesform
aroundeachsourceandthesebubblesgrowinvolume,eventuallyoverlappinguntilthey
covertheentireIGM.ThisisillustratedinFig.1.2inthecaseofthersagesimulation
(Seileretal.2019).Inthisscenario,thedensestregionsoftheIGMarethefirstonesto
getionisedbecometheyhosttheverysourcesofreionisation.However,thehighdensity
oftheseregionsalsomeansthatrecombinationsaremostlikelytohappenatahigherrate
inthem.Thiscanleadtonewlyformedionisedregionstorecombineveryquickly,and
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aso-calledoutside-inscenario.Indeed,considerasourceionisingitssurroundingneutral
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4
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Radio interferometers around the world

A world-wide effort…

How? Interferometers

GMRT
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Interferometry 101

Interferometers measure visibilities i.e. Fourier modes on the sky

How? Interferometers
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An estimator of the power spectrum is built directly from the visibilities:
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Interferometry 101

Interferometers measure visibilities i.e. Fourier modes on the sky

How? Interferometers

Baseline length bij
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ã+ f̃A + ñA
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• Dense arrays measure large-scale fluctuations (e.g. EDGES’ “table”)
• Wide arrays measure small-scale fluctuations (e.g. HERA)

An estimator of the power spectrum is built directly from the visibilities:
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Current upper limits on the power spectrum

… which has only led to upper limits so far.

How? Interferometers

Barry+2022

x 100
Can we learn something from these upper 
limits already?
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Current upper limits on the power spectrum
How? Interferometers

HERA collab et al. 2023

o Lowest upper limits on the 21cm power spectrum from HERA
o Measurements at z = 7.9 and z = 10.4
o Results consistent with noise
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hÃB̃i =
D⇣
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implementations in 21cmFAST) are not included in the prior
and are left for future work.

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA affected the full
posterior parameter covariance. In this work, we focus on the
parameter most constrained by HERA, the ratio of the
integrated soft-band (<2 keV) X-ray luminosity to the star
formation rate. Since 21cmFAST assumes that X-ray photons
govern the thermal history of the neutral IGM, this
LX<2 keV/SFR parameter essentially describes the heating
power of EoR galaxies per unit of star formation. In H22b,
we obtained the first observational evidence for an enhanced
X-ray luminosity of high-redshift (z> 6) galaxies, with a 68% HPD
credible interval of LX<2 keV/SFR∼ 1039.9–1041.6 erg s−1 

-M 1 yr.
This disfavors a relationship between star formation and soft X-ray
luminosity at or below the one seen in local, metal-enriched
galaxies at >68% credibility.

As Figure 28 shows, we find that the full season of HERA
observing constrains the 95% credible interval on
LX<2 keV/SFR to the range 1040.4–1041.8 erg s−1


-M 1 yr. This

result assumes as a prior that LX<2 keV/SFR< 1042 erg s−1


-M 1 yr, beyond which X-rays reionize the universe too quickly

(Mesinger et al. 2013). More than 99% of the 21cmMC
posterior volume excludes the possibility of the local relation
for high-mass X-ray binaries (HMXBs; Mineo et al. 2012)
continuing to hold at high redshift. It is consistent, however,
with models of extremely low-metallicity galaxies, where high-
mass stars have less mass loss from line-driven winds than their
solar-metallicity counterparts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray efficiency are themselves a
consequence of our ability to use our upper limits to exclude a
range of scenarios with low levels of IGM heating. In Figure 29
we show our updated marginalized posteriors on the predicted
average IGM temperatures—both the spin temperature, TS, and
the kinetic temperature, TK—along with results from H22b for
comparison. As demonstrated in H22b, current EoR constraints
from Planck and quasar spectra already disfavor a large number
of models in the prior volume that predict either highly ionized
IGM at z� 10.4 or a completely neutral one at z� 10.4. These
constraints also have a slight impact on the average IGM
temperature, excluding models with high TK or TS at these
redshifts. However, because a decently sized fraction of
parameter space with an unheated IGM at these redshifts is
not ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our posterior
without HERA shows a pileup of probability right around that
limit.
When we incorporate the HERA limits, a significant range of

models with low IGM temperatures can be further excluded.
We showed in H22b how HERA observations substantially
improve our understanding of the neutral IGM at z = 7.9.
However, there was still a small fraction of the total posterior
with low values of TS, so H22b could not completely rule out an
unheated IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated IGM is
disfavored at greater than 99% credibility at both z = 10.4 and
7.9. The new HPD 95% credible intervals on the spin and
kinetic temperatures are 4.7 < <TK 171.2S K and

Figure 27. Here we summarize HERA’s constraints on the IGM spin temperature TS and contrast TS/Tradio at z = 10.4 (left) and z = 7.9 (right). Each row shows the
HPD results obtained with a different model for 21 cm fluctuations (described in Section 7). These include a linear bias model with density fluctuations only (top row;
see Section 7.3); a phenomenological model that parameterizes the ionized bubble size distribution and assumes an IGM of uniform temperature (second row; also see
Section 7.3); 21cmMC, a Bayesian technique for fitting parameters of seminumeric 21cmFAST simulations (third row; see Section 7.4); and another seminumerical
model that includes a prescription for radio emission generated by galaxies (bottom row; see Section 7.5). In each panel, we compare results obtained in this work with
the previous set of upper limits published in H22b, where we only saw evidence for heating above the adiabatic limit (gray hashed region) at z = 7.9. In this work, we
see consistent evidence across all of our models for an IGM heated above the adiabatic at z = 10.4 as well. The more dramatic rise of the z = 7.9 spin temperature in
21cmMC relative to the other models is driven by the z = 10.4 constraints combined with independent constraints on galaxy luminosity functions (as we discuss in
detail in Section 7.6). Note that for the first three models, Tradio = TCMB, which enables a conversion between the top and bottom axes. For the model in the bottom
row with an excess radio background, Tradio ≠ TCMB in general, and so the TS tick marks along the top axis should be ignored.

30
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implementations in 21cmFAST) are not included in the prior
and are left for future work.

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA affected the full
posterior parameter covariance. In this work, we focus on the
parameter most constrained by HERA, the ratio of the
integrated soft-band (<2 keV) X-ray luminosity to the star
formation rate. Since 21cmFAST assumes that X-ray photons
govern the thermal history of the neutral IGM, this
LX<2 keV/SFR parameter essentially describes the heating
power of EoR galaxies per unit of star formation. In H22b,
we obtained the first observational evidence for an enhanced
X-ray luminosity of high-redshift (z> 6) galaxies, with a 68% HPD
credible interval of LX<2 keV/SFR∼ 1039.9–1041.6 erg s−1 

-M 1 yr.
This disfavors a relationship between star formation and soft X-ray
luminosity at or below the one seen in local, metal-enriched
galaxies at >68% credibility.

As Figure 28 shows, we find that the full season of HERA
observing constrains the 95% credible interval on
LX<2 keV/SFR to the range 1040.4–1041.8 erg s−1


-M 1 yr. This

result assumes as a prior that LX<2 keV/SFR< 1042 erg s−1


-M 1 yr, beyond which X-rays reionize the universe too quickly

(Mesinger et al. 2013). More than 99% of the 21cmMC
posterior volume excludes the possibility of the local relation
for high-mass X-ray binaries (HMXBs; Mineo et al. 2012)
continuing to hold at high redshift. It is consistent, however,
with models of extremely low-metallicity galaxies, where high-
mass stars have less mass loss from line-driven winds than their
solar-metallicity counterparts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray efficiency are themselves a
consequence of our ability to use our upper limits to exclude a
range of scenarios with low levels of IGM heating. In Figure 29
we show our updated marginalized posteriors on the predicted
average IGM temperatures—both the spin temperature, TS, and
the kinetic temperature, TK—along with results from H22b for
comparison. As demonstrated in H22b, current EoR constraints
from Planck and quasar spectra already disfavor a large number
of models in the prior volume that predict either highly ionized
IGM at z� 10.4 or a completely neutral one at z� 10.4. These
constraints also have a slight impact on the average IGM
temperature, excluding models with high TK or TS at these
redshifts. However, because a decently sized fraction of
parameter space with an unheated IGM at these redshifts is
not ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our posterior
without HERA shows a pileup of probability right around that
limit.
When we incorporate the HERA limits, a significant range of

models with low IGM temperatures can be further excluded.
We showed in H22b how HERA observations substantially
improve our understanding of the neutral IGM at z = 7.9.
However, there was still a small fraction of the total posterior
with low values of TS, so H22b could not completely rule out an
unheated IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated IGM is
disfavored at greater than 99% credibility at both z = 10.4 and
7.9. The new HPD 95% credible intervals on the spin and
kinetic temperatures are 4.7 < <TK 171.2S K and

Figure 27. Here we summarize HERA’s constraints on the IGM spin temperature TS and contrast TS/Tradio at z = 10.4 (left) and z = 7.9 (right). Each row shows the
HPD results obtained with a different model for 21 cm fluctuations (described in Section 7). These include a linear bias model with density fluctuations only (top row;
see Section 7.3); a phenomenological model that parameterizes the ionized bubble size distribution and assumes an IGM of uniform temperature (second row; also see
Section 7.3); 21cmMC, a Bayesian technique for fitting parameters of seminumeric 21cmFAST simulations (third row; see Section 7.4); and another seminumerical
model that includes a prescription for radio emission generated by galaxies (bottom row; see Section 7.5). In each panel, we compare results obtained in this work with
the previous set of upper limits published in H22b, where we only saw evidence for heating above the adiabatic limit (gray hashed region) at z = 7.9. In this work, we
see consistent evidence across all of our models for an IGM heated above the adiabatic at z = 10.4 as well. The more dramatic rise of the z = 7.9 spin temperature in
21cmMC relative to the other models is driven by the z = 10.4 constraints combined with independent constraints on galaxy luminosity functions (as we discuss in
detail in Section 7.6). Note that for the first three models, Tradio = TCMB, which enables a conversion between the top and bottom axes. For the model in the bottom
row with an excess radio background, Tradio ≠ TCMB in general, and so the TS tick marks along the top axis should be ignored.
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The IGM was heated by z = 10.4, likely by 
high-mass X-ray binaries
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Current upper limits on the power spectrum
How? Interferometers

HERA collab et al. 2023

o Lowest upper limits on the 21cm power spectrum from HERA
o Measurements at z = 7.9 and z = 10.4
o Results consistent with noise
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⌘E
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implementations in 21cmFAST) are not included in the prior
and are left for future work.

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA affected the full
posterior parameter covariance. In this work, we focus on the
parameter most constrained by HERA, the ratio of the
integrated soft-band (<2 keV) X-ray luminosity to the star
formation rate. Since 21cmFAST assumes that X-ray photons
govern the thermal history of the neutral IGM, this
LX<2 keV/SFR parameter essentially describes the heating
power of EoR galaxies per unit of star formation. In H22b,
we obtained the first observational evidence for an enhanced
X-ray luminosity of high-redshift (z> 6) galaxies, with a 68% HPD
credible interval of LX<2 keV/SFR∼ 1039.9–1041.6 erg s−1 

-M 1 yr.
This disfavors a relationship between star formation and soft X-ray
luminosity at or below the one seen in local, metal-enriched
galaxies at >68% credibility.

As Figure 28 shows, we find that the full season of HERA
observing constrains the 95% credible interval on
LX<2 keV/SFR to the range 1040.4–1041.8 erg s−1


-M 1 yr. This

result assumes as a prior that LX<2 keV/SFR< 1042 erg s−1


-M 1 yr, beyond which X-rays reionize the universe too quickly

(Mesinger et al. 2013). More than 99% of the 21cmMC
posterior volume excludes the possibility of the local relation
for high-mass X-ray binaries (HMXBs; Mineo et al. 2012)
continuing to hold at high redshift. It is consistent, however,
with models of extremely low-metallicity galaxies, where high-
mass stars have less mass loss from line-driven winds than their
solar-metallicity counterparts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray efficiency are themselves a
consequence of our ability to use our upper limits to exclude a
range of scenarios with low levels of IGM heating. In Figure 29
we show our updated marginalized posteriors on the predicted
average IGM temperatures—both the spin temperature, TS, and
the kinetic temperature, TK—along with results from H22b for
comparison. As demonstrated in H22b, current EoR constraints
from Planck and quasar spectra already disfavor a large number
of models in the prior volume that predict either highly ionized
IGM at z� 10.4 or a completely neutral one at z� 10.4. These
constraints also have a slight impact on the average IGM
temperature, excluding models with high TK or TS at these
redshifts. However, because a decently sized fraction of
parameter space with an unheated IGM at these redshifts is
not ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our posterior
without HERA shows a pileup of probability right around that
limit.
When we incorporate the HERA limits, a significant range of

models with low IGM temperatures can be further excluded.
We showed in H22b how HERA observations substantially
improve our understanding of the neutral IGM at z = 7.9.
However, there was still a small fraction of the total posterior
with low values of TS, so H22b could not completely rule out an
unheated IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated IGM is
disfavored at greater than 99% credibility at both z = 10.4 and
7.9. The new HPD 95% credible intervals on the spin and
kinetic temperatures are 4.7 < <TK 171.2S K and

Figure 27. Here we summarize HERA’s constraints on the IGM spin temperature TS and contrast TS/Tradio at z = 10.4 (left) and z = 7.9 (right). Each row shows the
HPD results obtained with a different model for 21 cm fluctuations (described in Section 7). These include a linear bias model with density fluctuations only (top row;
see Section 7.3); a phenomenological model that parameterizes the ionized bubble size distribution and assumes an IGM of uniform temperature (second row; also see
Section 7.3); 21cmMC, a Bayesian technique for fitting parameters of seminumeric 21cmFAST simulations (third row; see Section 7.4); and another seminumerical
model that includes a prescription for radio emission generated by galaxies (bottom row; see Section 7.5). In each panel, we compare results obtained in this work with
the previous set of upper limits published in H22b, where we only saw evidence for heating above the adiabatic limit (gray hashed region) at z = 7.9. In this work, we
see consistent evidence across all of our models for an IGM heated above the adiabatic at z = 10.4 as well. The more dramatic rise of the z = 7.9 spin temperature in
21cmMC relative to the other models is driven by the z = 10.4 constraints combined with independent constraints on galaxy luminosity functions (as we discuss in
detail in Section 7.6). Note that for the first three models, Tradio = TCMB, which enables a conversion between the top and bottom axes. For the model in the bottom
row with an excess radio background, Tradio ≠ TCMB in general, and so the TS tick marks along the top axis should be ignored.
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With full HERA Phase I

With 18 nights

implementations in 21cmFAST) are not included in the prior
and are left for future work.

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA affected the full
posterior parameter covariance. In this work, we focus on the
parameter most constrained by HERA, the ratio of the
integrated soft-band (<2 keV) X-ray luminosity to the star
formation rate. Since 21cmFAST assumes that X-ray photons
govern the thermal history of the neutral IGM, this
LX<2 keV/SFR parameter essentially describes the heating
power of EoR galaxies per unit of star formation. In H22b,
we obtained the first observational evidence for an enhanced
X-ray luminosity of high-redshift (z> 6) galaxies, with a 68% HPD
credible interval of LX<2 keV/SFR∼ 1039.9–1041.6 erg s−1 

-M 1 yr.
This disfavors a relationship between star formation and soft X-ray
luminosity at or below the one seen in local, metal-enriched
galaxies at >68% credibility.

As Figure 28 shows, we find that the full season of HERA
observing constrains the 95% credible interval on
LX<2 keV/SFR to the range 1040.4–1041.8 erg s−1


-M 1 yr. This

result assumes as a prior that LX<2 keV/SFR< 1042 erg s−1


-M 1 yr, beyond which X-rays reionize the universe too quickly

(Mesinger et al. 2013). More than 99% of the 21cmMC
posterior volume excludes the possibility of the local relation
for high-mass X-ray binaries (HMXBs; Mineo et al. 2012)
continuing to hold at high redshift. It is consistent, however,
with models of extremely low-metallicity galaxies, where high-
mass stars have less mass loss from line-driven winds than their
solar-metallicity counterparts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray efficiency are themselves a
consequence of our ability to use our upper limits to exclude a
range of scenarios with low levels of IGM heating. In Figure 29
we show our updated marginalized posteriors on the predicted
average IGM temperatures—both the spin temperature, TS, and
the kinetic temperature, TK—along with results from H22b for
comparison. As demonstrated in H22b, current EoR constraints
from Planck and quasar spectra already disfavor a large number
of models in the prior volume that predict either highly ionized
IGM at z� 10.4 or a completely neutral one at z� 10.4. These
constraints also have a slight impact on the average IGM
temperature, excluding models with high TK or TS at these
redshifts. However, because a decently sized fraction of
parameter space with an unheated IGM at these redshifts is
not ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our posterior
without HERA shows a pileup of probability right around that
limit.
When we incorporate the HERA limits, a significant range of

models with low IGM temperatures can be further excluded.
We showed in H22b how HERA observations substantially
improve our understanding of the neutral IGM at z = 7.9.
However, there was still a small fraction of the total posterior
with low values of TS, so H22b could not completely rule out an
unheated IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated IGM is
disfavored at greater than 99% credibility at both z = 10.4 and
7.9. The new HPD 95% credible intervals on the spin and
kinetic temperatures are 4.7 < <TK 171.2S K and

Figure 27. Here we summarize HERA’s constraints on the IGM spin temperature TS and contrast TS/Tradio at z = 10.4 (left) and z = 7.9 (right). Each row shows the
HPD results obtained with a different model for 21 cm fluctuations (described in Section 7). These include a linear bias model with density fluctuations only (top row;
see Section 7.3); a phenomenological model that parameterizes the ionized bubble size distribution and assumes an IGM of uniform temperature (second row; also see
Section 7.3); 21cmMC, a Bayesian technique for fitting parameters of seminumeric 21cmFAST simulations (third row; see Section 7.4); and another seminumerical
model that includes a prescription for radio emission generated by galaxies (bottom row; see Section 7.5). In each panel, we compare results obtained in this work with
the previous set of upper limits published in H22b, where we only saw evidence for heating above the adiabatic limit (gray hashed region) at z = 7.9. In this work, we
see consistent evidence across all of our models for an IGM heated above the adiabatic at z = 10.4 as well. The more dramatic rise of the z = 7.9 spin temperature in
21cmMC relative to the other models is driven by the z = 10.4 constraints combined with independent constraints on galaxy luminosity functions (as we discuss in
detail in Section 7.6). Note that for the first three models, Tradio = TCMB, which enables a conversion between the top and bottom axes. For the model in the bottom
row with an excess radio background, Tradio ≠ TCMB in general, and so the TS tick marks along the top axis should be ignored.
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implementations in 21cmFAST) are not included in the prior
and are left for future work.

7.4.1. 21cmMC Constraints on X-Ray Luminosity

In H22b we explored how adding HERA affected the full
posterior parameter covariance. In this work, we focus on the
parameter most constrained by HERA, the ratio of the
integrated soft-band (<2 keV) X-ray luminosity to the star
formation rate. Since 21cmFAST assumes that X-ray photons
govern the thermal history of the neutral IGM, this
LX<2 keV/SFR parameter essentially describes the heating
power of EoR galaxies per unit of star formation. In H22b,
we obtained the first observational evidence for an enhanced
X-ray luminosity of high-redshift (z> 6) galaxies, with a 68% HPD
credible interval of LX<2 keV/SFR∼ 1039.9–1041.6 erg s−1 

-M 1 yr.
This disfavors a relationship between star formation and soft X-ray
luminosity at or below the one seen in local, metal-enriched
galaxies at >68% credibility.

As Figure 28 shows, we find that the full season of HERA
observing constrains the 95% credible interval on
LX<2 keV/SFR to the range 1040.4–1041.8 erg s−1


-M 1 yr. This

result assumes as a prior that LX<2 keV/SFR< 1042 erg s−1


-M 1 yr, beyond which X-rays reionize the universe too quickly

(Mesinger et al. 2013). More than 99% of the 21cmMC
posterior volume excludes the possibility of the local relation
for high-mass X-ray binaries (HMXBs; Mineo et al. 2012)
continuing to hold at high redshift. It is consistent, however,
with models of extremely low-metallicity galaxies, where high-
mass stars have less mass loss from line-driven winds than their
solar-metallicity counterparts (Fragos et al. 2013).

7.4.2. 21cmMC Constraints on the IGM’s Thermal History

Our constraints on the soft X-ray efficiency are themselves a
consequence of our ability to use our upper limits to exclude a
range of scenarios with low levels of IGM heating. In Figure 29
we show our updated marginalized posteriors on the predicted
average IGM temperatures—both the spin temperature, TS, and
the kinetic temperature, TK—along with results from H22b for
comparison. As demonstrated in H22b, current EoR constraints
from Planck and quasar spectra already disfavor a large number
of models in the prior volume that predict either highly ionized
IGM at z� 10.4 or a completely neutral one at z� 10.4. These
constraints also have a slight impact on the average IGM
temperature, excluding models with high TK or TS at these
redshifts. However, because a decently sized fraction of
parameter space with an unheated IGM at these redshifts is
not ruled by these probes, and since 21cmMC cannot produce
spin temperatures below the adiabatic limit, our posterior
without HERA shows a pileup of probability right around that
limit.
When we incorporate the HERA limits, a significant range of

models with low IGM temperatures can be further excluded.
We showed in H22b how HERA observations substantially
improve our understanding of the neutral IGM at z = 7.9.
However, there was still a small fraction of the total posterior
with low values of TS, so H22b could not completely rule out an
unheated IGM the observed redshifts. With the improved limits
presented in this work, we now find that an unheated IGM is
disfavored at greater than 99% credibility at both z = 10.4 and
7.9. The new HPD 95% credible intervals on the spin and
kinetic temperatures are 4.7 < <TK 171.2S K and

Figure 27. Here we summarize HERA’s constraints on the IGM spin temperature TS and contrast TS/Tradio at z = 10.4 (left) and z = 7.9 (right). Each row shows the
HPD results obtained with a different model for 21 cm fluctuations (described in Section 7). These include a linear bias model with density fluctuations only (top row;
see Section 7.3); a phenomenological model that parameterizes the ionized bubble size distribution and assumes an IGM of uniform temperature (second row; also see
Section 7.3); 21cmMC, a Bayesian technique for fitting parameters of seminumeric 21cmFAST simulations (third row; see Section 7.4); and another seminumerical
model that includes a prescription for radio emission generated by galaxies (bottom row; see Section 7.5). In each panel, we compare results obtained in this work with
the previous set of upper limits published in H22b, where we only saw evidence for heating above the adiabatic limit (gray hashed region) at z = 7.9. In this work, we
see consistent evidence across all of our models for an IGM heated above the adiabatic at z = 10.4 as well. The more dramatic rise of the z = 7.9 spin temperature in
21cmMC relative to the other models is driven by the z = 10.4 constraints combined with independent constraints on galaxy luminosity functions (as we discuss in
detail in Section 7.6). Note that for the first three models, Tradio = TCMB, which enables a conversion between the top and bottom axes. For the model in the bottom
row with an excess radio background, Tradio ≠ TCMB in general, and so the TS tick marks along the top axis should be ignored.
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Four independent theory 
models agree on this.
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The 21cm signal
How? Interferometers

Global signal

Power spectrum

Time

Reionisation X-ray heating Ly⍺ coupling Dark Ages
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Intensity 
mapping
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Why intensity mapping?

o SKA will measure maps of the brightness 
temperature of the 21cm in the IGM

How? Inteferometers

21cm intensity map
(21CMFAST simulation)

rsage simulation, Seiler+2019

const
fesc = 20%

fej
fesc ∝ fej
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o These maps give access to information about galaxies 
washed out in large-scale observations:
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Why intensity mapping?

o SKA will measure maps of the brightness 
temperature of the 21cm in the IGM

How? Interferometers

21cm intensity map
(21CMFAST simulation)

o These maps give access to information about galaxies 
washed out in large-scale observations

o Effort in developing efficient tools to analyse these 
datasets to 
• Constrain reionisation and galaxy properties
• Tackle huge data volumes
• Complement PS analyses (ex: non-Gaussianity)

GRF

3-point 
correlations
(modified)

2-point 
correlations

Gorce & Pritchard 2019
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Why intensity mapping?

o SKA will measure maps of the brightness 
temperature of the 21cm in the IGM

How? Interferometers

21cm intensity map
(21CMFAST simulation)

o These maps give access to information about galaxies 
washed out in large-scale observations

o Effort in developing efficient tools to analyse these 
datasets to 
• Constrain reionisation and galaxy properties
• Tackle huge data volumes
• Complement PS analyses

o Solutions (non-exhaustive list):
★ Minkowski functionals & topology (Yoshiura+2016; Elbers & v.d. Weygaert 2017; Chen+2018; Giri+2020; 

Thélie+2022)

★ Higher order statistics & bispectrum (e.g., Watkinson+2019; Gorce & Pritchard 2019, Majumdar+2020, 
Hutter+2020)

★ AI techniques (e.g., Chardin+2019, Bianco+2021, Neutsch+2022)

★ Scattering transforms (Greig+2022, Hothi+2023, Prelogović+2024)

★ One-point statistics (Mellema+2006; Gorce+2020; Kittiwisit+2018, 2022)



WHEN?
What is standing 
between us and 
detection
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Observing the 21cm signal

What we’re doing:
Looking for the signal emitted by neutral hydrogen over 13by ago.

Why is it difficult?

When? Foregrounds

Slide adapted from Lisa McBride’s



Adélie Gorce 33July 8, 2024

Problem: RFI

Most of the target frequency band is polluted by human emission: aviation 
communications, FM radio, radars, … these are called radio frequency interference (RFI)

When? RFI

Even the faintest outside signal is measured by our extremely sensitive telescopes
→ limits the amount of data we can analyse
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FM 
band

12 < z < 15

HERA collab+2023
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Problem: RFI
When? RFI

PRIZM

MIST

ALBATROS
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Problem: Data volumes

Interferometers gather huge data volumes.

For one season of HERA:
• 160 nights
• 8hr night
• 1536 channels (frequencies)
• Every 10.7 s
• 2 antenna polarisations
• 350 antennas = 122 150 baselines
= 926 078 803 738 measurements (or 170TB of data)

Some of this raw data must be processed on-site but without producing RFI.

When? Data volumes



Extremely bright foregrounds lie between the first stars and us and dominate the observed sky

• Amplitude of the cosmological signal = 10 mK

• Amplitude of the foregrounds = 1 000 to 10 000 mK

Adélie Gorce 36July 8, 2024

Problem: Foregrounds
When? Foregrounds

Figure by Vibor Jelic

Synchrotron

Time/redshift

All foreground treatment 
methods rely on the assumption 
that foregrounds are spectrally 

smooth

Cosmological signal



Extremely bright foregrounds lie between the first stars and us and dominate the observed sky. 
All foreground treatment methods rely on the assumption that foregrounds are spectrally 
smooth

• Foreground removal (e.g., Chapman+2013, Mertens+2020)

• Foreground avoidance (e.g., Parsons+2012, Liu+2014)
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Problem: Foregrounds
When? Foregrounds
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Problem: Foregrounds
When? Foregrounds

Frequency resolution limited
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Extremely bright foregrounds lie between the first stars and us and dominate the observed sky. 
All foreground treatment methods rely on the assumption that foregrounds are spectrally 
smooth

• Foreground removal (e.g., Chapman+2013, Mertens+2020)

• Foreground avoidance (e.g., Parsons+2012, Liu+2014)
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Problem: Foregrounds
When? Foregrounds

Frequency resolution limited
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Extremely bright foregrounds lie between the first stars and us and dominate the observed sky. 
All foreground treatment methods rely on the assumption that foregrounds are spectrally 
smooth

• Foreground removal (e.g., Chapman+2013, Mertens+2020)

• Foreground avoidance (e.g., Parsons+2012, Liu+2014)
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Problem: Foregrounds
When? Foregrounds

Extremely bright foregrounds lie between the first stars and us and dominate the observed sky. 
All foreground treatment methods rely on the assumption that foregrounds are spectrally 
smooth but the chromaticity of the instrument introduces spectral structure and biases. 

HERA collab et al. 2023
z = 10.4

Foreground wedge 
(horizon)
Buffer + short baselines
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Problem: (Instrumental) systematics

Many unknown systematics need to be understood and characterised:
• Cross-coupling between antennas
• Cable reflections
• Ionosphere
• …

When? Systematics

Ex: Chromaticity & window functions in Fourier space
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Problem: Mice!!!
When? Miscellanous
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Conclusions

Why? Observing the high-redshift 21cm signal will tell us about the timing and 
morphology of reionisation and, in turn, about the physical properties of the first galaxies 
and the early Universe.
How? Collaborating and sharing our experience with different experiments around the 
world.
When? 

• 2018: Claimed detection of the global 21cm signal at z = 17 
• Up to now: Upper limits on the 21cm power spectrum
• Detection when the major challenges (foregrounds and instrumental 

systematics) have been overcome.

Thank you!

Keep an eye out, we will get there!


