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Image: NASA/ESA

Directly traces low-redshift structure 
       Neutrino masses, structure growth, cross-correlations 

Gravitational lensing: basic picture
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CMB lensing vs. LIM lensing

CMB lensing: LIM lensing:

Images: ESA; Romeo et al. 2017

Single 
2d map

Full 
3d map

Techniques/instruments: 
well-established

Techniques/instruments: 
in progress

Intrinsic statistics: 
linear, Gaussian

Intrinsic statistics: 
nonlinear, non-Gaussian

• reduce noise 
• tomography
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Measuring lensing

Grav. potential of foreground lenses 
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Forecasts for 21cm surveys

lensing auto spectrum
lensing x ~LSST galaxy clustering
lensing x ~LSST galaxy lensing

S/N on lensing power spectra for 21cm surveys
z width of fsky hi hgLSSTi h�LSSTi

each band
[MHz]

SKA1-Low 6 < z < 14 5 27 deg2 3.6 26 13
CHIME 1.1 < z < 2.5 25 0.5 0.25 34 27
HIRAX 1.35 < z < 2.5 25 0.5 0.93 45 34

Table 1. Total signal to noise for a detection of either the lensing auto power spectrum (hi) or the cross
spectrum between lensing and LSST galaxy clustering (hg

LSST

i) or cosmic shear (h�
LSST

i), for the surveys
from Secs. 4.1 and 4.2 (see those sections for more details about the specifications we assume). In reality, lack
of overlap between CHIME and LSST prevents cross-correlation, but we still perform forecasts in order to have
an apples-to-apples comparison with HIRAX. For hi, we use the noise per � mode from the bias-hardened
lensing estimator, while for the cross-correlations we use the non-bias-hardened noise, fixing the redshift range
of the low-z tracer such that gravitational e↵ects in the source intensity field do not correlate with the tracer.
A detection of the lensing auto spectrum will be weak at best in the SKA survey and impossible for CHIME
and HIRAX. For all surveys, significant measurements of each cross-correlation may be possible, provided that
systematics can be controlled at the appropriate level.

for each of SKA, CHIME, and HIRAX (with the obvious caveat that CHIME cannot practically be
cross-correlated with LSST due to lack of overlap, but our forecasts for that case would apply to an
LSST-like northern survey). For all cross-correlations we consider, the lensing reconstruction noise
(including non-Gaussian contributions) is the limiting factor in the overall signal to noise: for example,
comparable hgi results could be achieved with a galaxy survey with a number density 20 times lower
than LSST (but still covering half the sky).

We again remind the reader that these numbers represent the absolute best-case scenario for ap-
plication of the lensing estimators in this paper, at the perturbative order we have computed; inevitable
real-world systematics will likely degrade these numbers by a factor of a few at least. However, if these
surveys are successful at detecting 21cm fluctuations at high significance, the forecasts in Table 1 moti-
vate an investigation of lensing reconstruction using those measurements. This would further enhance
the cross-correlation science possible between low-redshift 21cm and photometric surveys, adding to
other existing applications such as calibration of photometric redshift distributions [98].

For SKA1-Low, the S/N that we compute for C��

L

is a factor of ⇠3 lower than it would be
if gravitational nonlinearities in the source field were ignored, while for CHIME and HIRAX, the
multiplier is at least a factor of 5. This rea�rms that these e↵ects should be included in any lensing
reconstruction forecast at these redshifts. Note that when we neglect nonlinearities, we find signal to
noise values that are consistent with previous forecasts, e.g. Ref. [99].

As noted in Sec. 4.3, the amplitudes of an intensity map’s signal and noise power spectra for
our imagined single-dish survey are very uncertain. In Fig. 12, we incorporate this uncertainty by
plotting the lensing signal to noise as a function of jmax. We have used a fiducial fsky of 3.9 ⇥ 10�4,
corresponding to 16 deg2. Under this assumption, we once again find that a strong detection of the
lensing auto spectrum within a single band will not be possible, despite the fact that for the highest
angular resolutions, bias-hardening actually decreases the noise on C��

L

by as much as 70%.

On the other hand, a cross-correlation of lensing from z ⇠ 6 with galaxy clustering from a large
galaxy survey looks more promising, for both the 6m- and 10m-dish cases, with potential S/N & 10,
and likewise for the 10m dish using lensing at z ⇠ 8. A cross correlation with cosmic shear from

– 36 –

Caveat emptor:
• assume 
• only consider 4-pt function from gravitational clustering 
• assume foregrounds removed above some 

T ⇠ b �matter

kkmin
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Intensity maps are non-Gaussian (even without lensing)Ingredients for 21cm intensity mapping 5

Figure 1. Spatial distribution of neutral hydrogen (left) and gas (right) in slices of 5 h

�1Mpc depth at redshift z = 1. The upper panels
show the distribution in the entire simulation volume of TNG100, while the middle and bottom panels display a zoom-in into the regions
marked with a white square in the upper and middle panels, respectively. While the HI in the Ly↵-forest occupies most of the volume, the
HI in galaxies represents the majority of its total mass.

Villaescusa-Navarro et al. 2018
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Figure 16. HI bias at redshifts 0 (black), 1 (red), 2 (green), 3 (blue), 4 (purple) and 5 (orange) computed as the square root of the ratio
between the HI and matter power spectra (left), and as the ratio between the HI-m cross-power spectrum and the matter power spectrum.
The value of the HI bias increases with redshift. At high redshift, the HI bias becomes non-linear on scales k & 0.3 hMpc�1.

the halo HI mass function as

bHI(z) =

R 1
0

n(M, z)b(M, z)MHI(M, z)dM
R 1
0

n(M, z)MHI(M, z)dM
, (27)

and therefore the amplitude of the HI bias is sensitive
to the astrophysical parameters ↵ and Mmin (see sec-
tion 5). Note, however, that the agreement between the
above expression and the simulation results is not per-
fect because, among other things, our models for the halo
mass function and halo bias do not include corrections
for baryonic e↵ects.

At z = 0 the HI bias exhibits a scale-dependence
even on the largest scales we can probe, due to the fact
that the matter power spectrum at the scales probed by
TNG100 is not in the linear regime at such low-redshift.
It is interesting to notice the dip in the HI bias at
k ' 1 hMpc�1, that has been also found in observations
(Anderson et al. 2018). At z = 1 the bias remains almost
constant down to rather small scales, k ' 1 hMpc�1.
These trends agree with the findings of Springel et al.
(2017), who studied galaxy bias for di↵erent galaxy pop-
ulations at di↵erent redshifts. At high-redshifts, z > 2,
the HI bias exhibits a dependence on scale already at
k = 0.3 hMpc�1, even though these scales are close to
linear at those redshifts. Our results are also in quali-
tative agreement with Sarkar et al. (2016a), who stud-
ied the HI bias by painting HI on top of dark matter
halos. The scale-dependence of the bias is not necessar-
ily a bad thing, as long we can use perturbative meth-
ods to predict the shape of the HI power spectrum. For
this purpose we have compared the measurements of the
HI power spectrum in TNG100 to analytical calculations
using Lagrangian Perturbation Theory (LPT). The first
order LPT solution is the well known Zeldovich approx-
imation (ZA) (Zel’dovich 1970; White 2014), for which
we can simply write

PHI = b2
HIPZA(k) + N (28)

and then fit for the two free parameters in the above
equation. The constant piece takes care of the shot-noise

and any other term which is scale independent and un-
correlated with the HI field and therefore can be treated
as noise in a cosmological analysis (Seljak & Vlah 2015).
Given the small volume of TNG100, a perturbative anal-
ysis makes sense only at high redshifts, where linear and
mildly non-linear modes are contained in the box, thus
we restrict the comparison of Eq. 28 with the measure-
ments in the simulation to z � 2. The upper panel in
Fig 17 shows the measurements of the HI power spec-
trum at di↵erent redshift, using the same color scheme
of the previous figures. The points with error bars have
been shifted horizontally to avoid overlap and facilitate
the visual comparison with the theoretical models. The
dashed lines display the fit to Eq. 28 including all the
modes up to kmax = 1hMpc�1. The fit is quite accu-
rate, despite its simple functional form, and it confirms
the HI distribution as an ideal tracer for cosmological
studies. The continuous lines show the next to leading
order, i.e. 1-loop, calculation in LPT (Modi et al. 2017;
Vlah et al. 2016), which includes an improved treatment
of non-linearities in the matter fields as well as several
non-linear bias parameters. Up to the scale we include in
the fit there is no di↵erence between the two approaches,
with the 1-loop calculation also working on smaller scales
not included in the analysis. The fact that the ZA works
so well in describing the simulation measurements could
vastly simplify the cosmological analysis and interpreta-
tion of 21cm surveys observing at high redshift. For in-
stance, interferometric surveys with large instantaneous
field of view like CHIME will be forced to include all the
complications arising from the curved-sky, that are very
easy to handle in the ZA (Castorina & White 2018a,b).

14. SECONDARY HI BIAS

It is well known that the clustering of halos depends
primarily on mass. However, mass is not the only vari-
able that determines halo clustering; there is also a
dependence on halo age (Sheth & Tormen 2004; Gao
et al. 2005), concentration (Wechsler et al. 2006), subhalo
abundance (Wechsler et al. 2006; Gao & White 2007),
halo shape (Faltenbacher & White 2010), spin (Gao &
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What do baryons do to the matter 2-pt function?
Baryons & the matter power spectrum 9

total matter power spectrum in a set of simulations of dif-
ferent volumes, and pointed out that scales of k ∼ 3 h/Mpc
are typically dominated by the most massive ones, which
is in line with our conclusions. Overall, our results suggest
that the accuracy of predictions for the impact of baryons on
the matter power spectrum would improve by running larger
volume hydrodynamic simulations with multiple realisations
of the initial conditions.

5.5 Comparison to other hydrodynamical

simulations

Several other groups have quantified the impact of baryons
on the matter power spectrum from their numerical sim-
ulations. Their simulations vary in the numerical tech-
nique implemented, volume, resolution and sub-grid recipes
adopted for baryonic physics processes. In this section, we
discuss how their results compare to Horizon-AGN. Figure
6 shows a comparison of the fractional impact of baryonic
processes on the total matter power spectrum from dif-
ferent simulations at z = 0: the OverWhelmingly Large
Simulations (van Daalen et al. 2011, we refer here to the
‘AGN’ run of OWLS which adopts a WMAP7 cosmol-
ogy), the EAGLE simulation (Hellwing et al. 2016), Illustris
(Vogelsberger et al. 2014) and IllustrisTNG (Springel et al.
2017). The result from Horizon-noAGN is also shown for ref-
erence, in which case there is an enhancement of power due
to efficient cooling of the gas, rather than a suppression of
power. For reference, the simulation volumes are as follows:
OWLS and Horizon are 100 Mpc/h on each side; EAGLE,
100 Mpc on a side; Illustris, 75 Mpc/h on a side and the Illus-
trisTNG runs are 100 and 300 Mpc on a side for “TNG100”
and “TNG300”, respectively.

While the qualitative behaviour of all simulations is sim-
ilar, with a suppression of power due to the effect of AGN
feedback on the gas at k ∼ 10 h/Mpc, the exact scale and
strength of the suppression differs between them. Illustris
shows the largest amount of suppression, reaching over 30%
at scales of k ∼ 5 h/Mpc. This simulation is calibrated to
match the overall observed star formation history of the
Universe, but despite this calibration, their radio mode of
AGN feedback is known to be too aggressive, resulting in
lower than observed gas fractions inside of massive haloes
(Haider et al. 2016).

The OWLS ‘AGN’ run used by van Daalen et al. (2011)
was calibrated to match the M−σ relation (Booth & Schaye
2009; Schaye et al. 2010), similarly to Horizon-AGN, but
differs in other sub-grid recipes (e.g., stellar initial mass
function, stellar feedback prescription, black hole seeding,
and thermal quasar AGN feedback for all accretion rates)
and the numerical method implemented (smoothed-particle-
hydrodynamics). McCarthy et al. (2010) have shown that
this OWLS run reproduces the fraction of gas in mas-
sive haloes and a further exploration, varying some of the
sub-grid parameter models for the AGN feedback imple-
mentation, was performed by McCarthy et al. (2011) and
Le Brun et al. (2014). This is further discussed in Section
6. At z = 0, OWLS predict significantly more suppres-
sion than Horizon-AGN, exceeding 20% at k ∼ 10h/Mpc.

Figure 6. The impact of baryons on the total matter power spec-
trum (∆2

hydro/∆
2
DMO) in Horizon-AGN (solid black) and Horizon-

noAGN (dashed black) compared to the results of other cosmo-
logical simulations at z = 0.

The impact of baryons in the case of OWLS is not as
strong as in the Illustris simulation. This model has been
widely used in the literature for cosmic shear data analy-
sis (Mead et al. 2015), including recent cosmic shear sur-
vey results (Harnois-Déraps et al. 2015; Joudaki et al. 2017;
Krause et al. 2017), and also for forecasting the performance
of future surveys (Semboloni et al. 2011, 2013; Eifler et al.
2015).

The EAGLE simulation (Schaye et al. 2015) is a
smoothed-particle-hydrodynamics simulation with similar
volume to Horizon-AGN and full baryonic physics implemen-
tation. In this case, the simulation was calibrated to match
the relation between stellar mass and halo mass, the present-
day stellar mass function of galaxies and galaxy sizes. EA-
GLE predicts that the impact of baryons on the matter
power spectrum is predominant at scales smaller than in
Horizon-AGN, Illustris or OWLS. The difference in the pre-
ferred scale of suppression is particularly relevant to cosmic
shear surveys adopting a cut on small scales in their analy-
sis (Krause et al. 2017) instead of a marginalisation strategy
(Joudaki et al. 2017).

Springel et al. (2017) recently presented an analysis of
the impact of baryons on the clustering of galaxies and mat-
ter in the IllustrisTNG simulations. IllustrisTNG is a set
of cosmological simulation boxes with different volumes and
physics implementations, and we are interested here in the
comparison to the baryonic and DMO runs. IllustrisTNG im-
plements an updated AGN feedback recipe compared to the
previous Illustris runs (Weinberger et al. 2017), among other
changes (including SN feedback modelling). Their new AGN
sub-grid model includes a different approach of radio kinetic
feedback mode compared to Illustris, which one is very sim-
ilar to the one implemented in Horizon-AGN (Dubois et al.
2012) but with an isotropic momentum/energy injection (Il-
lustrisTNG) instead of being jet-like shaped (Horizon-AGN).

© 0000 RAS, MNRAS 000, 000–000
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PRELIMINARY

Old Illustris

What do baryons do to the matter 3-pt function?

Preliminary plot removed in 
public version :)
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IllustrisTNG
PRELIMINARY

What do baryons do to the matter 3-pt function?

Preliminary plot removed in 
public version :)
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IllustrisTNG
PRELIMINARY

What do baryons do to the matter 3-pt function?

• How do other triangle shapes look? 
• How do other sims look? 
• Can we model this?

Preliminary plot removed in 
public version :)
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• Techniques from CMB lensing can also be applied to 
line intensity maps 
 

 

• First detections of lensing cross-correlations may be 
possible in near-future surveys, contingent on control 
of systematics 
 

• Simulations will be invaluable in guiding modeling 
efforts for higher-point statistics

Conclusions

see also: Zahn & Zaldarriaga 2006; Lu & Pen 2008; 
Pourtsidou & Metcalf 2014; Romeo et al. 2017; 
Schaan, Ferraro & Spergel 2018; SF et al. 2018
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Forecasts for 21cm surveys

S/N on lensing or tidal reconstruction power spectra
z width of fsky hi hgLSSTi h�LSSTi

each band
[MHz]

SKA1-Low 6 < z < 14 5 27 deg2 3.6 26 13
CHIME 1.1 < z < 2.5 25 0.5 0.25 34 27
HIRAX 1.35 < z < 2.5 25 0.5 0.93 45 34

TABLE V. fel.

S/N on lensing or tidal reconstruction power spectra
quantity / experiment CMB S4 21-cm-S2, 21-cm-S2,

no wedge with wedge
Lensing ⇥ LSST galaxies 367 676 358

Lensing ⇥ LSST shear 178 367 173
Lensing auto 353 216 8

Tidal reconstruction auto - 2240 266

TABLE VI. Total signal to noise on measurements of auto or cross power spectra related to gravitational lensing of 21-cm maps. We expect
cross-correlations of 21-cm lensing with LSST galaxy clustering or cosmic shear (galaxy lensing) to be measured at a precision competitive
with that of cross-correlations with CMB-S4 lensing, with the advantage that the former will contain much more (tomographic) information
about the growth of low-redshift structure. The lensing auto spectrum will be more challenging, due to confounding effects from nonlinear
clustering in the 21-cm maps [177]. However, these same effects are sensitive to the power spectrum of long density modes at the source
redshift, which can be “tidally reconstructed” using similar estimators [177, 180–183]. These measurements can be made very precisely with
our fiducial 21-cm instrument, even in the presence of foregrounds.

measurement noncompetitive with CMB-S4, even if the foreground wedge can be completely cleaned. Meanwhile, the power831

spectra of long density modes in each redshift bin can likely be accessed with very high precision, with a total signal to noise of832

several hundred regardless of the foreground wedge, opening the door the a multitude of cross-correlation science.833

The signal-to-noise in these measurements is impressive. Following through with these predictions all the way to their impli-834

cations for cosmological parameters goes beyond the scope of this white paper, because its main strength will come in particular835

through interaction of cross-correlations which require assumptions about the existence of other experiments. However, this is a836

very promising direction to pursue, and warrants further investigations.837

2.10. Basic cosmological parameters: neutrino mass, radiation density, dark energy equations of state838

As a natural by-product of measuring the expansion history and precise shape of the power spectrum, we can perform global839

fits to the observed data in order to improve constraints on some standard and interesting cosmological parameters. While840

expansion history is directly sensitive to any of the parameters discussed below, it breaks degeneracies with other parameters,841

that can, in combination with standard datasets such as Planck, often improve results considerably. The shape of the power842

spectrum depends coarsely on the matter density ⌦m and the epoch of the matter-radiation equality through their dependence on843

T (k). Additionally, distances in the universe affect the conversion between observed power spectrum (measured in angles and844

redshifts) and comoving power spectrum (measured in inverse comoving distance units), effect known as Alcock-Paczyinski test845

[184]. In practice, redshift-space distortion obscure some of these effects.846

In particular, we believe we can provide interesting additional information on:847

Neutrino mass. Cosmology is sensitive to the sum of neutrino mass eigen-states m⌫ =
P

mi. We know, from the neutrino848

oscillation experiments that the minimum value of m⌫ ⇠ 0.06eV in the normal hierarchy and m⌫ ⇠ 0.12eV in the inverted849

hierarchy. [AS:Add cites] Massive neutrinos affect the expansion history of the universe, but the effect is small. Moreover, they850

free-stream out of small scales density perturbations, making the field slightly smoother on scales smaller than free-streaming851

length. Their effect can be detected through a particular scale-dependence of the power spectrum between large and small scales,852

although this usual takes the form of comparing fluctuation power measured by CMB with fluctuation power measured at low853

redshift. For extensive review site citecite. The general expectation is that neutrino mass will be detected in the coming years854

using a number of related methods. In conjuction with standard CMB, DESI should detect it using redshift-space distortions,855

LSST using weak gravitational lensing of galaxies and CMB-S4 using weak gravitational lensing of background radiation. We856

expect 21-cm Stage 2 to improve in all of the above methods. MW: Really? How?857

Energy density of radiation. The amount of radiation in the early universe is usually parameterised by the effective number858

29

lensing auto

lensing x ~LSST g
lensing x ~LSST shear

tidal rec. auto

CMB-S4: assumed 1’ beam, fsky = 0.4, noise = 2μK-arcmin

21cm-S2: 2 < z < 6, 256 x 256 6m dishes, 5 years
• Generally, strongest signal from highest z
• No need to bias-harden in cross-correlations


