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Intensity mapping in the 
post-reionization Universe



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



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]

Hamsa Padmanabhan, Alexandre Refregier, Adam Amara,
MNRAS 485 (3), 4060 (2019) [arXiv:1804.10627]

Hamsa Padmanabhan, Alexandre Refregier, Adam Amara,
MNRAS 495 (4), 3935 (2020) [arXiv:1909.11104]

[Seljak (2000), White (2000), Cooray and Sheth (2002) …. Asgari et al. (2023)]



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)



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

concentration parameter Evolution with redshift

HI HALO MODEL

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

HI Fraction  
relative to cosmic           Slope   Lower cutoff



A halo model for HI

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 (2017a, b), HP & Kulkarni (2017)] 
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Best fit halo model
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       Non-unity slope!                     Exponential profile             



Interpreting the latest results : 
extensions to redshift space

 Hamsa Padmanabhan, Roy Maartens, Obinna Umeh, Stefano Camera (2023), 
The HI intensity mapping power spectrum: insights from recent observations,

submitted, [arXiv:2305.09720]



Ultimate aim MeerKLASS: MeerKAT Large Area Synoptic 
Survey, 4000 sq.deg 

credit: Steve Cunnington

credit: Mario Santos



[Paul+ (2023)]

HI intensity mapping with MeerKAT

credit: Steve Cunnington

Auto-correlation power
 detected for the first time

 to very small scales

Power spectrum detected 
in cross-correlation

with WiggleZ galaxies
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Requires modelling of small scale effects
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Step 1: HI mass - halo mass relation

HI - halo mass already
consistent with the halo model

in present form

[Bera+ (2022)]

[Paul+ (2023), MeerKAT]

Matching data abundances to dark matter haloes

Same redshift;  
data from stacking 

 of galaxies in GMRT

Dark matter halo abundance[Cui+ (2022)]



P1h,HI(k) =
1

ρ̄2
HI ∫ dM n(M)M2

HI uHI(k |M)
2

P2h,HI(k) = Plin(k)[ 1
ρ̄HI ∫ dM n(M) MHI(M)bh(M) uHI(k |M) ]

2

,

Redshift space HI halo model
[HP (2021), HP+ (2023)]



P̄s
HI(k) = (F2

HI +
2
3

FmFHI +
1
5

F2
m) Plin(k) +

1
ρ̄2

HI ∫ dM n(M)M2
HI ℛ2(kσ) uHI(k, M)

2
,

P1h,HI(k) =
1

ρ̄2
HI ∫ dM n(M)M2

HI uHI(k |M)
2

P2h,HI(k) = Plin(k)[ 1
ρ̄HI ∫ dM n(M) MHI(M)bh(M) uHI(k |M) ]

2

,

δs
HI(k) = δHI + fμ2δh ; δs

HI → δs
HI exp (−

1
2

k2μ2σ2)

Redshift space HI halo model

Fm =
f

ρ̄m ∫ dM M n(M)bh(M) ℛ1(kσ)uh(k, M),

FHI =
1

ρ̄HI ∫ dM n(M)MHI(M)bh(M) ℛ1(kσ)uHI(k, M) .

[HP (2021), HP+ (2023)]

Shot Noise

Finger-of-God effect

Kaiser effect

+SN

KaiKaiser effect Finger-of-God effect



Consistent with the Parkes data

P̄s
HI(k) = (F2

HI +
2
3

FmFHI +
1
5

F2
m) Plin(k) +

1
ρ̄2

HI ∫ dM n(M)M2
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Galaxy bias ~ 0.85; cross-correlation spectrum 

[HP (2021) IJMPD, arXiv:2109.00003]



Step 2: Fitting to MeerKAT data
Data goes to small scales, for the first time ~ 0.1 Mpc
Halo model framework extended to include Redshift Space Distortions, Kaiser 
and Finger-of-God effects at small scales
Predictions consistent at . At , evidence for greater 
amplitude of the power than predicted, different possible causes

z ∼ 0.32 z ∼ 0.44

z ∼ 0.32 z ∼ 0.44
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21 cm IM is not easy …

Slide credit: Steve Cunnington



First Claimed Detection of the 21-cm 
Signal from Cosmic Dawn 

Bowman, Rogers, Monsalve,+ et al 2018 

Signal-to-noise  
ratio of 37 

Slide credit: Anastasia Fialkov

Some first claimed detections …



… which, however, need to be  
confirmed … 



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)]



Intensity mapping in the sub-mm

Novel window into reionization, sensitive to evolution of 
star-formation rate and molecular gas density
[CII] brightest line, ~ 1% of total IR luminosity, non-
affected by dust and photodissociation (caveat: CO 
transitions at lower redshift a possible contaminant, but 
can be mitigated, especially by cross-correlation)
[OIII]: hard radiation > 35 eV; HII regions
ALMA observations: [CII] ‘deficit’ at high-z; if confirmed 
by IM, indicates hard ISM field and/or larger HII regions
Sky noise much smaller at 10-100 GHz
Point source foregrounds at ~ 30 GHz effectively 
removed

[reviews: Kovetz+ (2019), Karkare+ (2022), Bernal & Kovetz (2022)]



Intensity mapping in the sub-mm
Experiment for Cryogenic 
Large Aperture Intensity 

Mapping (EXCLAIM)

[Cataldo+ (2020), SPIE,
arXiv:2101.11734;
Ade+ (2020), JLTP,
arXiv:1912.07118]

EoR-Spec on Fred Young 
Submillimetre Telescope 

(FYST)

[Aravena+ (2021),
arXiv:2107.10364;

Duell+ (2020), SPIE,
arXiv: 2012.10411]

(2024 -) (2025 -)



The ALPINE and REBELS surveys: 
constraints on high-z [CII] LF

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

ALPINE: [CII] emission in galaxies at z ~ 4.5 - 6 in Chandra Deep Field South and COSMOS 
fields

Targeted and serendipitous  sources, ‘clustered’ subsample connected to known overdensities in 
the COSMOS field

REBELS: 42 sources, spectroscopic redshifts z ~ 6.4 - 7.7
[CII] luminosity to host halo mass found by abundance matching to dark matter mass function

[Loiacono+ (2021), Oesch+ (2022)]  

[Oesch+ (2022)]  

[Le Fèvre et al. (2020), Faisst et al. (2020), Bethermin et al. (2020)] 



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)]  



Auto-correlation forecasts
MWA/SKA, z ~ 6-7

FYST++, z ~ 6



Cross-correlations of sub-mm & 21 cm 
- high redshifts -

*Assumes complete overlap

[HP (MNRAS, 2018), HP (MNRAS 2019), HP+ (MNRAS 2022), HP (MNRAS 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)



z ~ 5.5-6.5, [OIII] 88 x HI (MWA)
(EXCLAIM++) x MWA/SKA

Cross-correlations of sub-mm & 21 cm 
- high redshifts -

*Assumes complete overlap

z ~ 7, [OIII] 88 x HI (MWA)

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



To summarize …



Line Intensity Mapping (IM): large volumes over a wide range of redshifts, species

Astrophysical systematic in IM can be efficiently handled via a data driven halo 
model, enabling … [HP+ (2015, 2016, 2017a, b), HP & Kulkarni (2017)] 

…extensions to redshift space power spectra [White (2001), Seljak (2000, 2001), HP (2021)]

Latest data from MeerKAT auto-correlation: characterization of the small scale 
structure of the HI intensity power spectrum

Large-scale HI-halo mass relation consistent with halo model predictions, recent 
galaxy surveys  [Paul+ (2023), Bera+ (2022)] 

Small-scales consistent for z ~ 0.32, may be evidence for higher than expected bias 
at z ~ 0.44; different possible causes; standard shot noise term favoured over FoG 
corrected version 

Sub-mm IM: several advantages, reduce systematics and foregrounds for 21 cm

Improved versions of current architecture (EXCLAIM, FYST) reach secure to several 10 
sigma detections in cross-correlation with MWA and SKA-LOW at z ~ 5-7

Summary

Thank you!







δredshift = δreal (1 + fμ2) e−(kσμ)2/2

ℛ1(y = kσ) =
π
2

erf(y/ 2)
y

ℛ2(y = kσ) =
π

8
erf(y)

y5 [3f 2 + 4fy2 + 4y4] −
e−y2

4y4 [f 2(3 + 2y2) + 4fy2]

P̄s
2h(k) = (1 +

2
3

f +
1
5

f 2) Plin(k) × [∫
1

ρ̄m ∫ dM n(M)Mbh(M)ℛ1(kσ) uh(k; M) ]
2

Redshift space: dark matter

P1h(k) =
1

ρ̄2
m ∫ dMn(M)M2 |uh(k |M) |2

P2h(k) = Plin(k)[ 1
ρ̄m ∫ dM n(M)Mbh(M) uh(k |M) ]

2

Halo profile FT 

In redshift space 

P̄s
1h(k) =

1
(ρ̄m)2 ∫ dMn(M)M2 ℛ2(kσ) |uh(k; M) |2

[White (2000), Seljak (2000), Cooray and Sheth (2002) …]



P2h
g (k) = Plin(k)[ 1

n̄g ∫ dM M n(M)⟨N⟩ bh(M)ug[k, M]]
2

P1h
g (k) =

1
n̄2

g ∫ dM n(M) ⟨N(N − 1)⟩ |ug(k, M) |2 + SN,

δg
redshift = (δg

real + δh fμ2), δg → δge−(kσμ)2/2

P̄s
g(k) = (F2

g +
2
3

FmFg +
1
5

F2
m) Plin(k) +

1
n̄2

g ∫ dM n(M) ⟨N(N − 1)⟩ℛ2(kσ) |ug(k, M) |2

Redshift space: number weighted 
biased tracers (galaxies)

Fg =
1
n̄g ∫ dM M n(M)⟨N⟩bh(M)ℛ1(kσ)ug(k, M)

[Seljak (2000)]

Mean number density of galaxies 

Fm =
f

ρ̄m ∫ dM M n(M)bh(M) ℛ1(kσ)uh(k, M),

Mean number of galaxies 
within a halo



Subtlety:
Shot noise with and without FoG term:

PSN =
1

ρ̄2
HI ∫ dM n(M)M2

HI

Pfog
SN (k) =

1
ρ̄2

HI ∫ dM n(M)M2
HI ℛ3(kσ)

ℛ3(y) =
π

2
erf(y)

y
.

Redshift space: mass weighted 
biased tracers (HI)

[HP (2021), HP+ (2023)]


