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LARGE SCALE EFFECTS

▸ fNL 

▸ GR effects: 

★ ISW 

★ Doppler 

★ Lensing  

★ Sach-Wolf 

★ Time delay 

★ gauge correction to the density

b(z, k) = bG(z) + 3[bG(z)� 1]fNL
⌦mH
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For IM

In principle easier to 
look for ISW in LSS



▸ All of these effects are very small and 
cosmic variance limited 

▸ Solution: Use multiple tracers to beat 
cosmic variance - Seljak 2009 

▸ We will use two Hydrogen tracers: 

★ HI IM with SKA - Santos et al. 2015 

★ HAlpha with SPHEREx-like - Doré et al. 2014 

▸ Fisher forecast and study how noise 
and redshift resolution affects the 
prospects of measuring  
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▸ 3 binning strategies: Dz=0.2; 0.1, dz_min=(1+z)/41.5 

▸ SKA: T_sys=25K, 200 dishes, 10000h 

▸ SPHEREx: pixel ~ 1e-9 Sr, sigma=1e-17 erg/s/cm2  

▸ 3/4 of the sky 

▸ l_max chosen so that only linear scales are included 

▸ Include 

ASSUMPTONS 

f = (⌦M (z))�
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3.2 H↵ IM with SPHEREx

The most energetic line of the Balmer series, H↵, is also one of the
strongest emission lines from galaxies. This emission comes from
recombinations of hydrogen atoms that have been ionised by young
UV emitting stars. The H↵ line, with a rest-frame wavelength of
656.281nm, is therefore a tracer of star forming galaxies. A lot of
work has already been done in using this line to map the large scale
distribution of matter, especially in galaxy surveys such as Euc-
lid3 (Laureijs et al. 2011; Amendola et al. 2013) and WFIRST 4

(Spergel et al. 2015). Here we will take a di↵erent approach and
use H↵ for IM. Please refer to Fonseca et al. (2017b), and refer-
ence therein, for a better description of H↵ emission from galaxies
(or Silva et al. (2017) for a more recent update). For more recent
studies We will also use their results for the bH↵

G (z) (thick solid red
line in Figure 1) and IH↵

⌫ (z) which can be well described by the fit

IH↵
⌫ (z) =

7.79 ⇥ 10�15(1 + z)1.17

1 + 1.37 ⇥ 10�3(1 + z)6.61 [erg/s/cm2/Hz/Sr] . (10)

Note that in the case of H↵ IM the redshift distribution of sources
is given by the intensity, i.e., pH↵(z) / IH↵

⌫ (z). In lack of an expli-
cit understanding of the evolution bias of H↵ we will assume that
bH↵

e (z) = bHi
e (z). We believe that is a good assumption since we see

no reason for the comoving number density of hydrogen atoms to
be di↵erent for di↵erent hydrogen emission lines.

The planned space telescope SPHEREx (Doré et al. 2014) is
an all-sky survey in the near Infrared (NIR). It will have a spectral
resolution of �/�� = 41.5 for 0.75 < � < 4.1µm. Although it is
mainly intended as a galaxy survey, it will have a H↵ IM mode
which is what we will use in this paper. Although it covers the
full sky, only a limited amount of sky will be of any cosmological
use. Despite this we will still consider large overlapping areas. The
instrument has a pixel size of ⌦pixel = 6.2”⇥ 6.2” ⇠ 1⇥ 10�9Sr and
we will assume a constant 1� flux sensitivity of �I⌫ ⇠ 1 ⇥ 10�17

erg/s/cm2. The noise angular power spectrum will then be given by

N
i j
H↵ =

 
�I⌫

⌦pixel �⌫i

!2
�⌫i

�⌫H↵
i

⌦pixel �
K
i j , (11)

where �⌫H↵
i is the frequency width of the bin for H↵ and �⌫ is

the frequency resolution of SPHEREx at a given frequency. As for
HI, we neglect small scale observational e↵ects in the noise power
spectra. Since we are interested on the largest scales this is a safe
approximation.

4 FISHER FORECASTS

We wish to perform a fisher forecast to determine how well multi-
tracing two hydrogen intensity maps can constrain large scale ef-
fects. The Fisher matrix (A. 1935) for a set of parameters {#i} is
given by

F#i# j =
1
2

Tr
h⇣
@#iC

⌘
��1

⇣
@# jC

⌘
��1

i
, � = C +N , (12)

where C is the covariance matrix of the chosen estimator and N
is a noise term. The noise can be shot-noise, instrumental or fore-
ground/background contamination. Note that we intrinsically as-
sumed that the noise is independent of the parameters {#i}. While

3 www.euclid-ec.org
4 https://wfirst.gsfc.nasa.gov/index.html

Figure 1. Bias of the Hi (thin solid blue) and H↵ (thick solid red) emission
lines. We also plot the ratio of the biases since it has implications on how
well one can measure fNL multi-tracing the two lines.

this is generically the case for most cosmological parameters or if
the main noise is instrumental, one has to note that shot-noise de-
pends on the Gaussianity of the field Hamaus et al. (2011). In this
work shot-noise is subdominant with respect to instrumental noise
so we can safely assume that the noise term is independent of the set
of parameters. On the other hand contaminants of H↵ IM depend
in the cosmology. We will not address this issue here assuming that
we are dealing with clean IM where instrumental sensitivity is the
sole source of noise. Since we will consider our observables to be
the aAB

`m , our estimator’s covariance are the angular power spectrum
CAB
` (zi, z j). Then, considering the information in a given range of

multipoles one rewrites Eq. (12) as (Tegmark et al. 1997)

F#i# j =

`maxX

`min

(2` + 1)
2

fsky Tr
h⇣
@#iC`

⌘
��1
`

⇣
@# jC`

⌘
��1
`

i
. (13)

The surveyed sky fraction fsky is an approximation that accounts
for the fact that not all m are accessible at a given `. For the multi-
tracer technique one requires that the sky maps of the di↵erently
biased tracers cover the same sky area and redshift slicing. Then
covariance matrix is (Ferramacho et al. 2014)

CAB
`

⇣
zi, z j

⌘
=

0
BBBBBBBBB@

CHi,Hi
`,i j CHi,H↵

`,i j

CH↵,Hi
`,i j CH↵,H↵

`,i j

1
CCCCCCCCCA
, (14)

where i, j stand for the redshift bin. Under the assumption that we
are dealing with Gaussian likelihoods, then the inverse of the Fisher
matrix is a good approximation of the parameter’s covariance. In
this case the forecasted marginal error for a parameter #i is just

�#i =
⇥
(F�1)#i#i

⇤1/2 . (15)

For the present work we considered the set of parameters

#↵ = { ln As, ln ns, ln⌦cdm, ln⌦b,w, ln H0,

bHI
i , b

H↵
i , fNL, �, "ISW, "Doppler, "SW } (16)

For the cosmological parameters we used the fiducial values: As =

2.142 ⇥ 10�9, ns = 0.967, ⌦cdm = 0.26, ⌦b = 0.05, w = �1, H0 =

67.74 km/s/Mpc and fNL = 0. The fiducial values for the clustering
bias of HI 21cm and H↵ were given with the survey specifications
in § 3. The parameter � is implicitly defined by the growth rate
f ⌘ d log D/d log a = ⌦�m (z) and provides a way to test modified
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�z = 0.2 �z = 0.1

�z = �zmin �z = �zmin



▸ Doppler term would be 
detectable  

▸ One can attain sigma_fNL<1 

▸ Test theories of gravity

MAIN POINTS
ZF - MT HYDROGEN LINES

▸ SPHEREx noise is higher than assumed  

▸ HI Temperature and Halpha Intensity is assumed to be known 

▸ Neglected contamination and foregrounds - we assume the MT will 
allow us to deal with them

Multitracing Hydrogen lines 5

theories of gravity. We assume GR in this work (� = 0.545). The
parameters "ISW, "Doppler and "SW are introduced to assess how well
one can measure each individual contribution of the GR e↵ects.
They have a fiducial value of 1 and are intrinsically defined by

�` = �
�
` + �

RSD
` + "ISW�

ISW
` + "Doppler�

Doppler
` + "SW�

SW
` . (17)

Please refer to appendix A for details on how the derivatives with
respecto � are computed.

To compute the angular power spectra and derivatives of the
angular power spectra with respect to the cosmological paramet-
ers we used a modified version of CAMB sources . Note that the
derivatives with respect to ln⌦cdm, ln⌦b,w, ln H0 were taken nu-
merically using the 5-point stencil method while the derivatives
with respect to the other parameters were done analytically using
a modification of CAMB sources 5. More details on the analytical
derivatives can be found in Appendix A. The supporting Python
wrappers to compute the derivatives and the Jupyter Notebook used
to compute the Fisher Matrix and results presented in this paper can
be found in the GitHub repository for this paper 6.

We will take two binning strategies in the interval z 2 [0.2, 3]:
a conservative one with 14 thick bins of width �z = 0.2 for com-
parison; a not so conservative one with 28 bins of size �z = 0.1.
While the SKA has a very high redshift resolution, SPHEREx has
R=41.5 so we use this as a reference for our binning. Although
SPHEREx allows for narrower bins at lower redshifts, at redshift 2
its resolution is ⇠ 0.1. For simplicity we choose equal redshift spa-
cing bins which may degrade the results since we do not explore
the full potential of the redshift resolution. Increasing the number
of bins also makes all numerical calculations computational more
expensive. We therefore believe that the evolution from a thicker to
a thinner binning provides intuition on how forecasted errors evolve
with resolution. We also considered a smooth top-hat window func-
tion in each bin as well.

One should not that the Fisher matrix depends on the surveyed
area either directly on fsky = S area[Sr]/4⇡ (Eq. 13), or indirectly
thought the maximum accessible scale `min = 1 + int(⇡/

p
S area).

Since we are mainly interested on large scale e↵ects we will cut
contributions to the Fisher matrix from non-linear scales. To do so
we assumed that (Smith et al. 2003)

kNL(z) = kNL,0 (1 + z)2/(2+ns) , with kNL,0 ' 0.2h Mpc�1 , (18)

and, using the Limber approximation, that `NL ' �kNL. We will
therefore cap contributions to the Fisher matrix from a redshift bin
i at `imax = Max(300, `iNL). These considerations are only relev-
ant for the lowest redshift bins where we can easily include non-
linear scales in the Fisher forecast, introducing spurious informa-
tion. Note that the choice of a global `max = 300 is arbitrary and has
negligible e↵ect on the constrains we focus here.

5 RESULTS

We summarise the forecasted marginal errors for fNL, "ISW, "Doppler

and "SW in table 2. We assumed three di↵erent values for the over-
lapping sky area, fsky = 0.25, 0.5 and 0.75. We also include the res-
ult for the single tracer case for comparison. As we would expect,
the single tracer case does not give prospects of detection of any of
the GR e↵ects – due to cosmic variance. For the multi-tracer case,

5 Please find the modified version in www.github/ZeFon/....
6 www.github/ZeFon/MT IM SKA1 SPHEREx

Table 1. Marginal errors on fNL, �, "ISW, "Doppler and "SW for a Hi intensity
mapping with SKA1, a H↵ intensity mapping with SPHEREx and their
combined MT analysis assuming the instrumental noise given in §3.

fsky �( fNL) �(�) �("ISW) �("Doppler) �("SW)
SKA1 7.73 0.38 18.71 10.46 4.60

0.25 SPHEREx 10.48 0.89 62.97 23.77 15.48
MT 3.16 0.34 16.64 1.80 2.07

SKA1 5.62 0.26 13.55 7.56 3.34
0.5 SPHEREx 7.41 0.63 44.53 16.80 10.94

MT 2.28 0.24 12.09 1.29 1.51
SKA1 4.71 0.22 11.32 6.31 2.79

0.75 SPHEREx 6.05 0.51 36.36 13.72 8.94
MT 1.89 0.20 10.14 1.07 1.28

Table 2. Marginal errors on fNL, �, "ISW, "Doppler and "SW for a Hi intensity
mapping with SKA1, a H↵ intensity mapping with SPHEREx and their
combined MT analysis assuming the instrumental noise given in §3.

�z �( fNL) �(�) �("Doppler) �("SW) �("ISW)
SKA1 4.81 0.22 6.42 2.85 11.55

0.2 SPHEREx 3.64 0.36 9.51 5.89 23.65
MT 1.23 0.18 0.64 1.22 9.88

SKA1 3.98 0.094 5.33 2.46 11.08
0.1 SPHEREx 3.14 0.15 7.84 5.18 22.81

MT 1.12 0.087 0.39 1.12 9.69
SKA1 2.62 0.029 3.84 1.79 9.38

�zmin SPHEREx 2.52 0.049 6.03 4.22 20.73
MT 0.896 0.029 0.33 0.96 8.36

the most striking result is the possibility of measuring the Doppler
term at ⇠ 3� while all others are not detectable. The most disap-
pointing result regards fNL since the MT technique has been extens-
ively used to measure it. This result is not unsurprising though. One
already knew that the performance of the MT technique in measur-
ing fNL is highly dependent on the ratio of the biases. The bigger
the ratio the lower �( fNL). But this ratio is ⇠ 1 for half of the sur-
vey, as we can see from the black dashed lin in Figure 1, which
makes the two Hydrogen surveys sub optimal for measuring fNL.
Furthermore, their have linear clustering biases close to bi

⇠ 1 at
low redshifts which suppresses the fNL correction to the bias (Eq.8).
Although increasing the survey area increases the result for fNL, it
is still not enough to cross the barrier of an error of around 1. The
prospects of measuring the SW potentials are slightly better than
for fNL but still not enough for a detection. We also show that there
aren’t any prospects of measuring the ISW e↵ect with these two
tracers.

In the multi-tracer case we are no longer cosmic variance lim-
ited. The amount of instrumental noise is thus the most important
source of uncertainty. We see this Figure 2 where we plotted the
forecasted error on fNL, "ISW, "Doppler and "SW as a function of in-
strumental noise. Note that the reference noise was given in §3 and
when we vary the noise we vary it for the two experiments at the
same time. While with the SKA one can lower the noise by increas-
ing the observation time, one would need to wait for the Cosmic
Dawn Intensity Mapper (CDIM) (Cooray et al. 2016) for a higher
sensitivity in a H↵ IM experiment. In the case of fNL and poten-
tial terms one would need to reduce the instrumental noise at least
one order of magnitude to start expecting a measurement, assuming
that around half of the sky can be used. It will be slightly better for
a higher sky overlap. While decreasing the noise improves results
one still hits a plateau at a certain noise level. This is both due to
the fact that they are marginal errors and due to intrinsic limitations
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▸ Better resolution and/or better noise —— but this is futuristic! 

▸ Better pairs of tracers: yes if we improve the ratio of the bias 
(improves result for fNL) no because we may introduce even more 
GR effects (mainly galaxy surveys available)

▸ Introduce a third tracer: 

★ Single -> MT results improve 
for the same noise 

★ The intrinsic uncertainty with 
2 tracers comes from RSD 
(that is why the Doppler 
could be measure so well), a 
3rd tracer helps to isolate it 

★ CII with PIXIE? 



IF QUESTIONS 
APPEAR



Multi-tracer Technique
Uses two (or more) independent tracers of the matter stochastic DM 

distribution to beat down cosmic variance.

Seljak PRL 2009
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