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Introducing the baryonic universe
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Mapping the baryonic universe

(CHIME Collaboration)

•  GMRT (Pune, India)

•  LOFAR (the Netherlands)

•  CHIME (Canada)

• PAPER, MeerKAT 

    (South Africa)

•  BINGO, TianLai, HIRAX…

• COMAP, COPSS, …

•   ALMA, FYST, TIME, CONCERTO…

•  SKA (South Africa/Australia)



The Square Kilometre Array (SKA)

 An international 
venture, IGO


Radio telescope

(operational ~ 2029)


1 square kilometre 
collecting area


~ 200 dishes; 350 
MHz - 14 GHz


Image credit: SKA organization



Intensity mapping (IM)
[Early studies: Hogan and Rees 1979, Sunyaev and Zeldovich 1972,1974, Bebington+ 1986] 

- Measure all structure; sensitive to the integrated emission of all the 
sources; including foregrounds 


- Foregrounds are spectrally smooth, different from the signal

- Different environments, different lines

[Kovetz+ (2017), credit P. Breysse]

Credit: Dongwoo Chung



[Sun+ (2020), ApJ, arXiv:1907.02999]

Lines and environments 



Atomic and molecular lines


Credit: Dongwoo Chung



21 cm intensity mapping
Chang+ (2010), Masui+ (2013), Switzer+ (2013),  Anderson+ (2018), Wolz+ (2021), CHIME 

collaboration (2022), Cunnington+ (2022), Paul+(2023) …



Cosmology with IM

Several thousand more 
modes, much smaller 

scales than galaxy 
surveys/CMB
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3.2. COSMOLOGY IN THE DARK AGES 9

astrophysical sources were able to drive TS ! TK and no X-ray heating had yet occurred. It
therefore requires new physics that either cools the IGM or increases the radio background
against which the gas absorbs. A multitude of processes has been proposed to explain the
anomalous detection, including dark matter-baryon scattering [54, 3, 63, 27], millicharged
dark matter [55, 5, 33], axions [50], neutrino decay [12], charge sequestration [21], quark
nuggets [34], dark photons [29], and interacting dark energy [16], and it has been used to
constrain additional exotic processes like dark matter annihilation [11].

Although the EDGES signal at z ⇠ 17 is very likely past the end of the Dark Ages – after
the first astrophysical sources formed – the same new physics would have affected the Dark
Ages signal. The solid curves in Figure 3.4 illustrate how models that invoke excess cooling
to explain the EDGES result (shown schematically by the gray contours) could also greatly
amplify the Dark Ages signal. (Here the curves use a phenomenological parameterized cool-
ing model as in [49]; physically-motivated models will differ in the details.) (Note that the
signal still vanishes at z ⇠ 30 because collisional coupling is still inefficient.) In these cases,
even though the exotic physics have implications at relatively low redshifts, Dark Ages ob-
servations serve to break degeneracies between astrophysics and that new physics.

3.2.3 The Power Spectrum During the Dark Ages
As we have discussed, maps of 21-cm emission provide a sensitive probe of the power spec-
trum of density and temperature fluctuations [32, 43]. Figure 3.5, from [58], shows examples
of how modes of the 21-cm fluctuation power spectrum evolve in the standard cosmology.
Although the strongest fluctuations occur at z ⇠ 10, when astrophysical sources dominate,
the Dark Ages signal are not too far behind: this is because, although the fractional density
fluctuations are small at those times, the mean temperature can be relatively large during the
absorption era – even in the standard cosmology.

The 21-cm power spectrum during the Dark Ages offers several advantages over other
probes of the density field. Because they use the cosmological redshift to establish the dis-
tance to each observed patch, 21-cm measurements probe three-dimensional volumes —
unlike the CMB, which probes only a narrow spherical shell around recombination. Addi-
tionally, the 21-cm line does not suffer from Silk damping (photon diffusion), which sup-
presses the CMB fluctuations on relatively large scales. The number of independent modes
accessible through this probe is therefore [39]

N21cm ⇠ 8⇥1011
✓

kmax

3 Mpc�1

◆3✓Dn
n

◆✓
1+ z

100

◆�1/2
, (3.9)

where Dn is the bandwidth of the observation. The choice of kmax — the smallest physical
scale to be probed — is not obvious. The Jeans length during the Dark Ages corresponds
to kmax ⇠ 1000 Mpc�1. Accessing these small-scale modes in three dimensions would re-
quire an enormous instrument, but our relatively conservative choice in equation (3.9) shows
that even a more modest effort provides a massive improvement over the information con-
tained in all the measurable modes of the CMB, NCMB ⇠ 107. Moreover, because the density
fluctuations are still small at such early epochs, these modes remain in the linear or mildly
non-linear regime, allowing a straightforward interpretation of them in terms of the funda-
mental parameters of our Universe [35].

[Loeb & Wyithe (2008)]
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[Furlanetto (2019)]

Dark Ages : kmax ⇠ 1000Mpc�1
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A plethora of experiments …
[Kovetz+ (2017, 2019)]



The microwave regime 

• CO is a major tracer of star 
formation, bright even at high 
redshifts


• ‘Ladder’ of lines

• Pathfinder: a proof-of-concept, 

single dish focal plane array, 
26-34 GHz


• Three fields, ~ 4 deg  per field
2

CO transitions

— The CO Mapping Array Project  —



Seven Early Science papers on arXiv, covering first 13 months of observing

[Cleary+ (2021), Lamb+ (2021), Foss+ (2021), Ihle+ (2021), Chung+ (2021), Rennie+ (2021), Breysse+ (2021), 
To appear in ApJ; arXiv:2111.5927-5933]

http://comap.caltech.edu/

COMAP Early Science



The first direct 3D measurement of the CO power

spectrum on large scales


Nearly an order of magnitude improvement compared to the previous

best measurement

[Cleary+ (2021)]
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Models:
Padmanabhan2018, fduty = 1
Pullen+2013, Model B
Keating+2020 clustering UL
Keating+2020 Pshot estimate
(total S/N > 20 by Y5)
Li+2016–Keating+2020
(total S/N 17 by Y5)

Chung+2021, UM+COLDz+COPSS
(total S/N 9 by Y5)
Li+2016
(total S/N 8 by Y5)
Padmanabhan2018, fduty = 0.1
(total S/N 5 by Y5)

LIM observations:
COPSS, z ª 2.8
COMAP Y1 95% UL
COMAP Y5 forecast 1æ limit

COMAP Early Science

[Chung+ (2021), Ihle+ (2021)]



Intensity mapping at GHz frequencies

• [OIII] 88  and [CII] 158 

• Good tracers of star forming regions

• Brightest infrared lines

• Fred Young Submillimetre Telescope 

(FYST) : 212 - 428 GHz

• EXperiment for Cryogenic Large-

Aperture Intensity Mapping (EXCLAIM) : 
420 - 540 GHz

μm μm



The power spectrum

Pline(k, z) = hI(z)i2b2(z)Pcdm(k, z) + Pshot(z)

<latexit sha1_base64="iDqaz6EXuISqbrl49H51XSyQavw="></latexit>

Abundance Bias Shot noise

Clustering



The ‘astrophysical systematic’

There is an interplay of astrophysics and cosmology

Pline(k, z) = hI(z)i2b2(z)Pcdm(k, z) + Pshot(z)

<latexit sha1_base64="iDqaz6EXuISqbrl49H51XSyQavw="></latexit>

ASTROPHYSICS COSMOLOGY



Model the astrophysics  
efficiently …

How can we quantify this in

predictions?



… using a halo model for 
baryonic gas

 Hamsa Padmanabhan, Alexandre Refregier, Adam Amara,
MNRAS 469 (2), 2323 (2017) [arXiv:1611.06235]

 Hamsa Padmanabhan, Alexandre Refregier, MNRAS 464(4), 4008 (2017) [arXiv:1607.01021]



The tracer-halo connection
Pline(k, z) = hI(z)i2b2(z)Pcdm(k, z) + Pshot(z)

<latexit sha1_base64="iDqaz6EXuISqbrl49H51XSyQavw="></latexit>

Bias times 

line intensity Matter fluctuations


b(z) ∝ ∫ dMh
dn

dMh
(z) Ltr(Mh, z) bh(Mh)

I(z) ∝ ∫ dMh
dn

dMh
(z) Ltr(Mh, z)

P1h ∝ ∫ dMh
dn

dMh
Ltr(Mh, z)2 |utr(k |M) |2

Tracer-halo relation


Halo bias

Halo mass function

Small scales; tracer profile in halo
Shot noise



A halo model for neutral hydrogen

Average HI mass 

associated with


a halo of mass M 

at redshift z 

Radial HI distribution

within


a halo of mass M 

at redshift z 

[HP, Choudhury, Refregier, MNRAS (2016)] 

Allows us to derive HI observables

Combine IM observations with individual objects 

 

MHI (Mh, z) ρHI (r; Mh, z)



WHISP  column density  [Zwaan+ (2005b)]

Available HI data

Mg II selected:
z ~ 1

        [Rao+ (2006)]

GBT/DEEP2
 [Switzer+ (2013)]

DLA HI
absorption

z 0  1 2  3  4 5

21 cm 
emission

21 cm
 intensity 
mapping

z ~ 5
 GGG survey
 [Crighton+ (2015)]

z ~ 0-4 incidence  [Zafar+ (2013)]

z ~ 2.3 SDSS 
 [Noterdaeme+ (2012)]

z ~ 2.3 bias
 [Font-Ribera+ (2012)]

ALFALFA clustering, bias  [Martin+ (2012)]

HIPASS  mass function  [Zwaan+ (2005a)]

SDSS III [Bird+ (2016)]



[Barnes & Haehnelt (2010, 2014), 
Villaescusa-Navarro + (2015), …]

Concentration parameter Evolution with redshift

ρ0 exp(−r/rs,HI); rs,HI = Rv(Mh)/cHI(Mh, z)
HI HALO MODEL

[e.g. Wang+ (2014), 
Bigiel & Blitz (2012)…]

α fH,cMh ( Mh

1011h−1M⊙ )
β

exp −(
vc,0

vc(Mh, z) )
3

          Slope   Lower cutoff
HI Fraction 

relative to cosmic

MHI (Mh, z)

cHI(Mh, z) = cHI,0 ( Mh

1011M⊙ )
−0.109

4
(1 + z)γρHI (r; Mh, z)



Constraints

HI abundances and clustering 7

Figure 3. The DLA column density distribution at redshifts z > 0, compared to the model predictions. From left to right: the column density distribution for
DLAS at z ⇠ 1, z ⇠ 2.3, and z ⇠ 5 compared with the observations of Rao et al. (2006); Noterdaeme et al. (2012); Crighton et al. (2015) respectively. The
results from using the Paper I best-fit parameters are indicated in orange.

(iii) The combined set of low-redshift observations likely
favours an exponential profile for the HI distribution, with evidence
for evolution in the concentration parameter with increasing red-
shift, as summarized in Table 4. This form of the profile signifi-
cantly reduces the tension (see Fig. 2) between the low-redshift col-
umn density distribution and the HI mass function observed (e.g.,
Paper I and Padmanabhan & Kulkarni (2016)) with the modified
NFW profile. Further, this form of the profile is also found to be a
good fit to the high-redshift DLA data.

Fig. 6 shows the derived MHI �M relation based on the best-fit
parameters. The evolution of the profile ⇢(r) as a function of z is
shown in Fig. 7 for a fixed halo mass M = 1012h�1M�.

(iv) The model predictions are also in good agreement with
the general trends in the covering fraction and impact parameter-
column density relations of high-redshift DLA absorbers, as well
as the surface mass densities observed in low-redshift exponential
disks.

(v) Although the model has some difficulty fitting the observed
bias measurement at z ⇠ 2.3, the model predictions are consis-
tent with results from imaging and other DLA surveys that favour
DLAs at high-redshift to be hosted by faint dwarf galaxies (e.g.,
Cooke et al. 2015; Fumagalli et al. 2014, 2015), and the results
of hydrodynamical simulations (e.g., Davé et al. 2013; Rahmati &
Schaye 2014) and cross-correlations (e.g., Bouché et al. 2005).

We also note that evolving HIHM scenarios, i.e. modified func-
tional forms of the MHI � M relation with evolution in one, two,
or all of the free parameters ↵, � and vc,0, are not found to be sta-
tistically favoured over the base non-evolving scenario when the
complete set of observations is taken into account (although they
may be favoured by particular subsets of the data).

In future work, it will be useful to use the model results to build
forecasts for upcoming 21-cm observations, to be measured by cur-
rent and future experiments. The inclusion of small-scale clustering
enables the calculation of the k-dependence of the HI power spectra
and its evolution as a function of redshift. The present framework is
found to be in good agreement with the HI surface density profiles
at low redshifts and DLA covering fractions and impact parameter
observations at higher redshifts. It would be worthwhile to explore

Table 4. Summary of the best-fitting HI halo model and the free parameters.

MHI(M) = ↵fH,cM
�
M/1011h�1

M�
�
�
exp

h
� (vc0/vc(M))3

i

⇢HI(r) = ⇢0 exp(�r/rs);

cHI(M, z) ⌘ Rv/rs = cHI,0

�
M/1011M�

��0.109
4/(1 + z)�

cHI,0 = 28.65± 1.76

↵ = 0.09± 0.01

log vc,0 = 1.56± 0.04

� = �0.58± 0.06

� = 1.45± 0.04

these relationships in greater detail in future analyses, by connect-
ing the present model to stellar-halo mass relations. This would also
be useful for comparing to the results of hydrodynamical simula-
tions, especially for constraining the stellar-cold gas evolution with
redshift.
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CONSTRAINTS FROM 
CURRENT HI GALAXY, 

DLA, IM DATA

[HP+, MNRAS (2017), HP & Refregier (2017), HP & Kulkarni (2017)] 
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Best fit halo model
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[HP, Refregier, Amara, MNRAS (2017)] 

       Non-unity slope!                     Exponential profile             



Insights
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[Dutton+ (2016), Werk+ (2014), Stern+ (2016), Prochaska & Wolfe (2008)] 

Accretion of fresh HI =
 Consumption for star formation

Insights
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[Barnes & Haehnelt 2014; Bagla+ (2010), HP+ (2016)] 
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[Barnes & Haehnelt 2014; Bagla+ (2010), HP+ (2016)] 
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Photoionization increases cooling timescales
Constraints on UV background

vc,0 = 36.3 km/s
<latexit sha1_base64="T/Z35Wf9gfu/dCV6RTiayibx2pI="></latexit>

[Rees (1986), Efstathiou (1992), 
Babul & Rees (1992),Quinn+ (1996), …] 

… suppression: circular speeds ~ 37 km/s!

Insights
MHI(Mh, z) = α fH,cMh ( Mh

1011h−1M⊙ )
β

exp −(
vc,0

vc(Mh, z) )
3

  Lower cutoff



Describing IM with other lines
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Intensity mapping 

with [CII] and [OIII] 
 [HP (MNRAS, 2019), HP+ (MNRAS, 2022)] 

LCO(Mh, z) =
2N(z)Mh

[(Mh /M1(z))−b(z) + (Mh /M1(z))y(z)]



Bringing it all together …



Synergies with galaxy surveys 
[Bernal & Kovetz (2023), ARAA review]



21 cm IM is not easy …

Slide credit: Steve Cunnington



Cross-correlations with 21 cm

Slide credit: Steve Cunnington

Cross-correlation with galaxy survey < few sq. deg.: information loss in areas most affected by foregrounds
Mitigated by using IM with e.g. [CII], covering ~ few ten square degrees or more 

[Lidz+ (2009), Beane & Lidz (2018), Beane et al. (2019)]



Cross correlation of a 21 cm 

and galaxy survey

[HP, Refregier, Amara, MNRAS (2020)]

HI astrophysics

Astrophysical constraints improve by 
factors of 2-3 from the present priors

Galaxy astrophysics

CHIME ~ 25000 deg ; DESI ~ 14000 deg
Galaxy parameter Q, influences bias
Constraints comparable to SKA I MID auto

2 2



New empirical insights on HI at z ~ 5-7

Consistent with the HI halo model 
in its present form!*

*Note: total power only, 
scale dependence unconstrained

[Heintz+ (2022)]  

[HP, Refregier, Amara, MNRAS (2017)]  

[Peroux & Howk (2020)]  



Cross-correlation of 21 cm and sub-
mm surveys

*Assumes complete overlap

[HP (MNRAS, 2018), HP (MNRAS 2019), HP+ (MNRAS 2022), HP (2023, arXiv:2212.08077)] 

(FYST++) x MWA/SKA
z ~ 5.5-6.5, [CII] 158 x HI (MWA) z ~ 7, [CII] 158 x HI (MWA)



[HP & Kulkarni, MNRAS (2017)] 

The gas-stars relation
Combine HI constraints with empirical evolution of stellar-

halo relations

[HP & Loeb, MNRAS (2020)]



Molecular (not atomic)

gas the chief tracer

 of star formation


(but see recent work)

Depletion timescale 

evolves with z;


characteristic value 1 Gyr

(but some high-L outliers)

[Choudhury+ (2021, 2022)]

[Harrrington+ (2018), Berman+ (2022)]

[HP & Loeb, MNRAS (2020)]



From astrophysics to 
cosmology …



Cosmology and astrophysics from 
the 21 cm power spectrum

Priors from current astrophysics using the halo model!

Angular power spectrum

h,⌦m, ns,⌦b,�8
<latexit sha1_base64="GDH/Q95346oj/eNLeoxh98iaoJA=">AAACDXicbZDLSgMxFIYz9VbrbdSlm2AVXJQyo4JdFt24s4K9QDsMmTQzDU0yQ5IRytAXcOOruHGhiFv37nwb03YQbf0h8OU/55CcP0gYVdpxvqzC0vLK6lpxvbSxubW9Y+/utVScSkyaOGax7ARIEUYFaWqqGekkkiAeMNIOhleTevueSEVjcadHCfE4igQNKUbaWL59NKjA3g0nEfJ5BQpf/VwDQ4pGHPk13y47VWcquAhuDmWQq+Hbn71+jFNOhMYMKdV1nUR7GZKaYkbGpV6qSILwEEWka1AgTpSXTbcZw2Pj9GEYS3OEhlP390SGuFIjHphOjvRAzdcm5n+1bqrDmpdRkaSaCDx7KEwZ1DGcRAP7VBKs2cgAwpKav0I8QBJhbQIsmRDc+ZUXoXVadc+q7u15uX6Zx1EEB+AQnAAXXIA6uAYN0AQYPIAn8AJerUfr2Xqz3metBSuf2Qd/ZH18A6WUmgk=</latexit>

Cosmology

Astrophysics

cHI,↵, vc,0,�, �
<latexit sha1_base64="7yUZ20bqkn9Pzbi2QLb7u6tBC8g=">AAACF3icbZDLSsNAFIYnXmu9VV26GSyCi1ISFXRZdFN3FewFmhBOppN26EwSZiaFEvoWbnwVNy4Ucas738Zpm4W2/jDw851zOHP+IOFMadv+tlZW19Y3Ngtbxe2d3b390sFhS8WpJLRJYh7LTgCKchbRpmaa004iKYiA03YwvJ3W2yMqFYujBz1OqCegH7GQEdAG+aUq8TNXCly/m1SwCzwZQAWP5oxU7CkMqDbM7YMQ4JfKdtWeCS8bJzdllKvhl77cXkxSQSNNOCjVdexEexlIzQink6KbKpoAGUKfdo2NQFDlZbO7JvjUkB4OY2lepPGM/p7IQCg1FoHpFKAHarE2hf/VuqkOr72MRUmqaUTmi8KUYx3jaUi4xyQlmo+NASKZ+SsmA5BAtImyaEJwFk9eNq3zqnNRde4vy7WbPI4COkYn6Aw56ArVUB01UBMR9Iie0St6s56sF+vd+pi3rlj5zBH6I+vzB/+vnfA=</latexit>
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Cosmological constraints: precision
[HP+ (MNRAS, 2019), arXiv:1804.10627]

z = 0.35 z = 0.1 Combined 

Quantify degradation from astrophysics …  alleviated by tomography 

Experiments like CHIME/SKA going up to z ~ 2.5 achieve ~ full alleviation 



Going beyond ΛCDM with 
intensity mapping …

Stefano Camera and Hamsa Padmanabhan, Beyond ΛCDM with HI intensity mapping: 
robustness of cosmological constraints in the presence of astrophysics, 

MNRAS 496, 4115 (2020)
 [arXiv:1910.00022]

Bauer et al. (incl. Hamsa Padmanabhan), Intensity mapping as a probe of axion dark matter, 
MNRAS  500, 3162 (2021)

 [arXiv: 2003.09655]



Cosmological constraints: accuracy
[Camera+ (2011,2014), Camera & HP (MNRAS, 2020)]

How do incorrect HI astrophysics assumptions
impact cosmological constraints?

[Heavens+ (2007)]

Present uncertainty in astrophysics

Nested likelihoods framework

Most parameters within a few σ



Is it ΛCDM or …

Primordial non-Gaussianity is negligibly affected by astrophysical 
uncertainties in HI IM surveys

fNL = 0.8± 5
<latexit sha1_base64="YRLHSuili8U9jekdSBmH6kRs6I4=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXIXEB3YjFN24EKlgH9CEMJlO2qEzkzAzEUrswl9x40IRt/6GO//G6WOhrQcuHM65l3vviVJGlXbdb6uwsLi0vFJcLa2tb2xu2ds7DZVkEpM6TlgiWxFShFFB6ppqRlqpJIhHjDSj/tXIbz4QqWgi7vUgJQFHXUFjipE2UmjvxWHuSw5vb4bwArpOBfoph2ehXXYddww4T7wpKYMpaqH95XcSnHEiNGZIqbbnpjrIkdQUMzIs+ZkiKcJ91CVtQwXiRAX5+P4hPDRKB8aJNCU0HKu/J3LElRrwyHRypHtq1huJ/3ntTMeVIKcizTQReLIozhjUCRyFATtUEqzZwBCEJTW3QtxDEmFtIiuZELzZl+dJ49jxThzv7rRcvZzGUQT74AAcAQ+cgyq4BjVQBxg8gmfwCt6sJ+vFerc+Jq0FazqzC/7A+vwBxDmT/Q==</latexit>

[Dalal (2008), Verde & Matarese (2011)]

[U Michigan]

[Planck 2013]

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-4
-2

0
2
4

β

b(
f N

L)
/σ
(f N

L)

[Stefano Camera & HP, MNRAS (2020)]

Δbh(Mh, z, k) ∝ [bh(Mh, z) − 1] fNL

Present uncertainty in astrophysics
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[Dizgah+ (2018), Liu & Breysse (2020), … ]



Nature of dark matter

[Bauer, … HP, … MNRAS (2021)]
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Fuzzy DM with axion mass < 10-22 eV 
constrained at few percent level from 21 cm

Dark matter decay signature 
on CO power spectrum

[Bernal+ (2020)]



BAOs and neutrino properties

[Karkare+ (2018)]

Bernal+ (PRL, 2021)

Neutrino decay signature in 
different models show up in 

GHz to THz frequencies

BAO scales detectable with CO IM



Fundamental physics from 

the Cosmic Dawn … 


Review article, Weltman+ (2020), PASA, chapter 
on Cosmic Dawn and Reionization [chapter leads: HP, Jonathan Pritchard]
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Variations in fundamental constants at the cosmic dawn

Laura Lopez-Honorez,1, ⇤ Olga Mena,2, † Sergio Palomares-Ruiz,2, ‡

Pablo Villanueva-Domingo,2, § and Samuel J. Witte2, ¶

1Service de Physique Théorique, CP225, Université Libre de Bruxelles, Bld du Triomphe,
1050 Brussels; and Vrije Universiteit Brussel and The International Solvay Institutes, Pleinlaan 2, 1050 Brussels, Belgium.

2Instituto de F́ısica Corpuscular (IFIC), CSIC-Universitat de Valencia,
Apartado de Correos 22085, E-46071, Spain

The observation of space-time variations in fundamental constants would provide strong evidence
for the existence of new light degrees of freedom in the theory of Nature. Robustly constraining
such scenarios requires exploiting observations that span di↵erent scales and probe the state of the
Universe at di↵erent epochs. In the context of cosmology, both the cosmic microwave background
and the Lyman-↵ forest have proven to be powerful tools capable of constraining variations in
electromagnetism, however at the moment there do not exist cosmological probes capable of bridging
the gap between recombination and reionization. In the near future, radio telescopes will attempt to
measure the 21cm transition of neutral hydrogen during the epochs of reionization and the cosmic
dawn (and potentially the tail end of the dark ages); being inherently sensitive to electromagnetic
phenomena, these experiments will o↵er a unique perspective on space-time variations of the fine-
structure constant and the electron mass. We show here that large variations in these fundamental
constants would produce features on the 21cm power spectrum that may be distinguishable from
astrophysical uncertainties. Furthermore, we forecast the sensitivity for the Square Kilometer Array,
and show that the 21cm power spectrum may be able to constrain variations at the level of O(10�3).

1. INTRODUCTION

Space-time variations of fundamental constants of Nature, such as the fine-structure constant or the electron mass,
o↵er a strong test for extensions to the standard cosmological and elementary particle models, such as extra dimensions
or modified gravity [1–3]. Consequently, searches of space-time variations in the observed values of these fundamental
constants can provide hints of new and well-motivated exotic physics scenarios. It is therefore interesting to test
possible deviations from their current values at both large and small distances, as well as across a wide array of
cosmological times (redshifts).

Focusing on the fine-structure constant ↵, which provides the strength of the photon-charged lepton interactions,
and on the electron mass me, limits have been derived at low redshifts z . 6 using, for instance, absorption lines in
the spectra of distant quasars (e.g., the Lyman-↵ forest) [3–14], and at z ' 1000 (at the period of recombination) from
observations of the cosmic microwave background (CMB) [15–28]. The tightest constraints to date at the time of
recombination on ↵ and me are at the level of ↵/↵0�1 = (�0.7±2)⇥10�3 and me/me0�1 = (3.9±7.4)⇥10�3 [28],
where the subscript 0 refers to their current local value. The low-redshift constraints using atomic and molecular
absorption lines, however, are two-to-three orders of magnitude tighter [4, 29]. The most stringent of these relies
on the observation of methanol absorption lines in the PKS1830-211 lensing galaxy at z = 0.89, and probes the
proton-to-electron mass ratio µ ⌘ mp/me at the level of µ/µ0 � 1 = (�1.0 ± 0.8stat ± 1.0sys) ⇥ 10�7 [30]. However,
other observations have comparable sensitivity [3, 7–9, 14].

21cm cosmology o↵ers a unique test at redshifts higher than the reionization period z & 6, during the so-called
dark ages and the period of the cosmic dawn, when the first stars started to form. These measurements will help
constraining variations of fundamental constants in a completely uncharted era [31–33]. While it is unlikely that
near-future constraints on the time variations of ↵ and me from measurements of the 21cm power spectrum, by for
instance the Square Kilometer Array (SKA) [34, 35], will be as stringent as those obtained using measurements of
the quasar absorption spectra, they are valuable, since they will o↵er a unique probe across a wide range of redshift
(i.e., 6 < z < 30). Furthermore, the large number of available redshifts could allow for analyses of the putative time

⇤
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Gravitational wave backgrounds from coalescing black hole binaries at cosmic dawn:
an upper bound

Kohei Inayoshi,
1
Kazumi Kashiyama,

2, 3
Eli Visbal,

4
and Zoltán Haiman

5

1
Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China

2
Research Center for the Early Universe, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

3
Department of Physics, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

4
Department of Physics and Astronomy and Ritter Astrophysical Research Center, University of Toledo, Toledo, Ohio 43606

5
Department of Astronomy, Columbia University, New York, NY 10027

ABSTRACT

The successive discoveries of binary merger events by Advanced LIGO-Virgo have been revealing
the statistical properties of binary black hole (BBH) populations. A stochastic gravitational wave
background (GWB) is a useful tool to probe the cosmological evolution of those compact mergers. In
this paper, we study the upper bound on a GWB produced by BBH mergers, whose stellar progenitors
dominate the reionization process at the cosmic dawn. Since early reionization by those progenitors
yields a high optical depth of the universe inconsistent with the Planck measurements, the cumulative
mass density is limited to ⇢? . 107 M� Mpc�3. Even with this upper bound, the amplitude of a
GWB owing to the high-z BBH mergers is expected to be as high as ⌦gw ' 1.48+1.80

�1.27⇥10�9 at f ' 25
Hz, while their merger rate at the present-day is consistent or lower than the observed GW event
rate. This level of GWB is detectable at the design sensitivity of Advanced LIGO-Virgo and would
indicate a major contribution of the high-z BBH population to the local GW events. The spectral
index is expected to be substantially flatter than the canonical value of ' 2/3 generically produced by
lower-redshift and less massive BBHs. Moreover, if their mass function is more top-heavy than in the
local universe, the GWB spectrum is even more skewed toward lower frequencies, which would allow
us to extract information on the mass function of merging BBHs at high redshifts.

Keywords: Gravitational waves – Reionization – Compact objects – Cosmic background radiation

1. INTRODUCTION

Since the detections of gravitational waves (GWs) as-
sociated with compact binary mergers have opened a
new window to explore our universe, the number of GW
sources has been increasing substantially (Abbott et al.
2016a,b,c). Recently, a new catalog of 47 compact bi-
nary mergers including 44 binary black holes (BBHs)
detected in Advanced LIGO-Virgo observing runs O3a
has been reported (Abbott et al. 2020). With the up-
dated sample, the estimation of the primary BH mass
spectrum and BBH merger rate have been substantially
improved.

Corresponding author: Kohei Inayoshi

inayoshi@pku.edu.cn

The origin of such massive BBHs and their forma-
tion pathway have been extensively discussed based on
the properties of detected BBHs (e.g., the distribution
of mass and spin components). So far, various models
have been proposed; through massive binary evolution
in low-metallicity environments (Dominik et al. 2012;
Kinugawa et al. 2014, 2016; Belczynski et al. 2016; In-
ayoshi et al. 2017; van den Heuvel et al. 2017; Neijssel
et al. 2019; Santoliquido et al. 2021), dynamical pro-
cesses in dense stellar clusters and galactic nuclei (Porte-
gies Zwart & McMillan 2000; Rodriguez et al. 2015;
O’Leary et al. 2016; Stone et al. 2017; Mapelli 2016;
Bartos et al. 2017; McKernan et al. 2018; Tagawa et al.
2020), and primordial BH formation (Nakamura et al.
1997; Sasaki et al. 2016; Ali-Häımoud et al. 2017).
Referring to the redshift-dependent BBH merger rate,

a larger number of BBHs would merge at earlier epochs
and thus most of the individually unresolved merger
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Fuzzy Dark Matter at Cosmic
Dawn: New 21-cm Constraints

Olof Nebrin,
a
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Abstract. Potential small-scale discrepancies in the picture of galaxy formation painted by
the ⇤CDM paradigm have led to considerations of modified dark matter models. One such
dark matter model that has recently attracted much attention is fuzzy dark matter (FDM).
In FDM models, the dark matter is envisaged to be an ultra-light scalar field with a particle
mass mFDM ⇠ 10�22 eV. This yields astronomically large de Broglie wavelengths which can
suppress small-scale structure formation and give rise to the observed kpc-sized density cores
in dwarf galaxies. We investigate the evolution of the 21-cm signal during Cosmic Dawn
and the Epoch of Reionization (EoR) in ⇤FDM cosmologies using analytical models. The
delay in source formation and the absence of small halos in ⇤FDM significantly postpone the
Ly↵ coupling, heating, as well as the reionization of the neutral hydrogen of the intergalactic
medium. As a result, the absorption feature in the evolution of the global 21-cm signal has
a significantly smaller full width at half maximum (�z . 3), than ⇤CDM (�z ' 6). This
alone rules out mFDM < 6⇥ 10�22 eV as a result of the 2� lower limit �z & 4 from EDGES
High-Band. As a result, ⇤FDM is not a viable solution to the potential small-scale problems
facing ⇤CDM. Finally, we show that any detection of the 21-cm signal at redshifts z > 14 by
interferometers such as the SKA can also exclude ⇤FDM models.

Keywords: reionization, first stars, X-rays, dark matter theory, axions, power spectrum
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In this Letter we study implications of the possible excess of 21-cm line global signal at the epoch of 
cosmic dawn on the evolutions of a class of dynamically interacting dark energy (IDE) models. We firstly 
summarize two dynamical mechanisms in which different background evolutions can exert considerable 
effects on the 21-cm line global signal. One of them is the change in decoupling time of Compton 
scattering heating, the other stems from the direct change of optical depth due to the different expansion 
rate of the Universe. After that, we investigate the influence of linear IDE models on 21-cm line signals 
and find that under the current observational constraints, it is difficult to yield a sufficiently strong 21-cm 
line signal to be consistent with the results of Experiment to Detect the Global Epoch of reionization 
Signature (EDGES) since only the optical depth could be effectively changed in these models. Accordingly, 
this implies us to construct a background evolution which could fulfill the reasonable change of optical 
depth and Compton heating decoupling time at the same moment by introducing an early dark energy 
dominated stage into the evolution governed by the IDE models. The comparison with astronomical 
observations indicate that this scenario could only alleviate, but not complete eliminate, the tension 
between EDGES and other cosmological surveys.

 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The underlying physics of the 21-cm line signal in the early 
Universe has become a hot topic since the Experiment to Detect 
the Global Epoch of Reionization Signature (EDGES) reported an 
excess of the 21-cm absorption line around the epoch of cosmic 
dawn. The strength of this signal is given by T21 = −500+200

−500 mK
at the redshift z = 17.2 [1], which is 3.8σ below the strongest 
possible absorption under standard expectations T21 = −0.209 K. 
It is known that the potential probe of these cosmological 21-cm 
lines from neutral hydrogen are significant to explore the epoch 
of reionization, which is almost invisible to other astronomical in-
struments (namely, see [2–4] for comprehensive reviews). As a 
result, this observational anomaly has inspired extensive studies 

* Corresponding author.
E-mail addresses: chunlong@mail.ustc.edu.cn (C. Li), rx76@mail.ustc.edu.cn

(X. Ren), khurshudyan@ustc.edu.cn (M. Khurshudyan), yifucai@ustc.edu.cn
(Y.-F. Cai).

on the theoretical interpretations and phenomenological implica-
tions in the literatures [5–27]. In addition, some discussions re-
garding the validity of the EDGES results have also been stimulated 
[28–30].

Given that the brightness temperature of 21-cm line signal is 
defined by the difference between the background radiation tem-
perature and the spin temperature of hydrogen atom, there are two 
straightforward methods to generate a possible strong signal. One 
is to enhance the background radiation through processes such 
as dark matter decay or annihilation [31–36], while the other is 
lowering the gas temperature by interactions between dark matter 
and baryons [37–43]. However, most of these mechanisms would 
inevitably encounter some tensions when confronted with other 
astronomical observations. Accordingly, some novel scenarios were 
put forward which involve additional cooling or heating mecha-
nisms induced by different species of the dark matter [19] and 
axions [44,45], or the modification of the background evolution 
via Early Dark Energy EDE [46] and Interacting Dark Energy (IDE) 
models [47–49].

https://doi.org/10.1016/j.physletb.2019.135141
0370-2693/ 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.

and several more …



To summarize …



Intensity mapping bridges a large gap between deep and wide 
spectroscopic surveys of galaxies

Astrophysical systematics in intensity mapping can be efficiently 
handled via a data driven halo model  [HP+ (2015, 2016, 2017a, b), HP & 
Kulkarni (2017)] 

… to explore the impact of astrophysics on the precision  [HP+ 
(2019b)] and accuracy of cosmological forecasts, … [Camera & HP 
(2020), Bauer+ (2021)]

… cross correlations with large galaxy surveys (e.g. DES, DESI, 
Euclid, LSST …) [HP, Refregier, Amara (2020)]  and extensions to the 
sub-mm regime [HP (2018, 2019, 2023), HP+ (2022)]

… and physics beyond LCDM … [Karkare+ (2018), Bernal+ (2020), 
Dizgah+ (2018), Breysse & Liu (2020) …]

… aiming towards the best possible constraints on 
Fundamental Physics from the Cosmic Dawn … [Fundamental 
Physics with the SKA (PASA, 2020)]

Thank you!


