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Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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More fundamental tests of inflation depend 
on two signals which are very difficult to 
detect: B-mode polarization from GWs, and 
non-Gaussian signatures
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Initial excitement about a possible detection 
of B-modes from gravity waves ended in 
disappointment…
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.. and the CMB constraints on primordial 
non-Gaussianities are still relatively weak, 
leaving inflation in a sort of limbo.

Planck Collaboration: Constraints on primordial non-Gaussianity

dominant operators that respect some underlying symmetries.
The procedure thus determines a unifying scheme for classes
of models featuring deviations from single-field slow-roll infla-
tion. Typically the equilateral and orthogonal templates repre-
sent an accurate basis to describe the full parameter space of
EFT single-field models of inflation, and therefore we will use
the constraints on f equil

NL and f ortho
NL .

As a concrete example, let us consider the Lagrangian of
general single-field models of inflation (of the form P(X,') mod-
els, where X = gµ⌫@µ� @⌫�) written with the EFT approach:
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c2
s

 
⇡̇2 � c2

s
(@i⇡)2

a2

!

�M2
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The scalar perturbation ⇡ generates the curvature perturbation
⇣ = �H⇡. In this case there are two relevant inflaton interactions,
⇡̇(@i⇡)2 and (⇡̇)3, producing two specific bispectra with ampli-
tudes f EFT1

NL = �(85/324)(c�2
s � 1) and f EFT2

NL = �(10/243)(c�2
s �

1)
h
c̃3 + (3/2)c2

s

i
, respectively. Here M3 is the amplitude of

the operator ⇡̇3 (see Senatore et al. 2010; Chen et al. 2007b;
Chen 2010b), with the dimensionless parameter c̃3(c�2

s � 1) =
2M4

3c2
s/(ḢM2

Pl) (Senatore et al. 2010). The two EFT shapes can
be projected onto the equilateral and orthogonal shapes, with the
mean values of the estimators for f equil

NL and f ortho
NL expressed in

terms of cs and c̃3 as
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where the coe�cients come from the Fisher matrix between the
theoretical bispectra predicted by the two operators ⇡̇(r⇡)2 and
⇡̇3 and the equilateral and orthogonal templates. Notice that DBI
models reduce to the condition c̃3 = 3(1 � c2

s )/2, while the non-
interacting (vanishing NG) case corresponds to cs = 1 and M3 =
0 (or c̃3(c�2

s � 1) = 0).
We then proceed as in the two previous analyses

(PCNG13; PCNG15). We employ a �2 statistic computed as
�2(c̃3, cs) = uT(c̃3, cs)C�1u(c̃3, cs), with vi(c̃3, cs) = f i(c̃3, cs) � f i

P
(i={equilateral, orthogonal}), where f i

P are the joint estimates
of equilateral and orthogonal fNL values (see Table 6), while
f i(c̃3, cs) are provided by Eq. (58) and C is the covariance ma-
trix of the joint estimators. Figure 19 shows the 68 %, 95 %, and
99.7 % confidence regions for f equil

NL and f ortho
NL , as derived from

from the T +E constraints, with the requirement �2  2.28, 5.99,
and 11.62, respectively (corresponding to a �2 variable with two
degrees of freedom). In Fig. 20 we show the corresponding con-
fidence regions in the (c̃3, cs) parameter space. Marginalizing
over c̃3 we find

cs � 0.021 (95 %, T only) , (59)
and

cs � 0.021 (95 %, T+E) . (60)

There is a slight improvement in comparison with the constraints
obtained in PCNG15 coming from the T + E data.
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Fig. 19. 68 %, 95 %, and 99.7 % confidence regions in the param-
eter space ( f equil

NL , f ortho
NL ), defined by thresholding �2, as described

in the text.
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Fig. 20. 68 %, 95 %, and 99.7 % confidence regions in the single-
field inflation parameter space (cs, c̃3), obtained from Fig. 19 via
the change of variables in Eq. (58).

8.2. Multi-field models

Constraints on primordial NG of the local type lead to strong
implications for models of inflation where scalar fields (di↵erent
from the inflaton) are dynamically important for the generation
of the primordial curvature perturbation. In the following we test
two scenarios for curvaton models.

Basic curvaton models The simplest adiabatic curvaton mod-
els predict primordial NG of the local shape with a nonlinearity

41
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Table 20. Independent and joint estimates of the fNL parameters of the indicated shapes, including in particular the dust template,
for the cleaned maps produced by the four component-separation methods, as determined with the Binned bispectrum estimator.

SMICA SEVEM NILC Commander

Shape Independent Joint Independent Joint Independent Joint Independent Joint

f local
NL . . . . . . . . . . �0.1 ± 5.6 5.0 ± 8.4 0.0 ± 5.7 1.7 ± 8.7 0.0 ± 5.6 5.2 ± 8.5 �1.3 ± 5.6 3.1 ± 8.3

f equil
NL . . . . . . . . . . 26 ± 69 5 ± 73 43 ± 70 30 ± 74 5 ± 69 �12 ± 73 32 ± 69 20 ± 73

f ortho
NL . . . . . . . . . . �11 ± 39 �5 ± 44 8 ± 39 13 ± 45 4 ± 39 13 ± 45 29 ± 39 35 ± 44

bPS/(10�29) . . . . . 6.3 ± 1.0 5.0 ± 2.7 9.7 ± 1.1 7.1 ± 2.9 5.7 ± 1.1 5.4 ± 2.7 5.4 ± 1.0 3.6 ± 2.6
ACIB/(10�27) . . . . 3.0 ± 0.5 0.6 ± 1.3 4.6 ± 0.5 1.3 ± 1.4 2.6 ± 0.5 0.1 ± 1.3 2.6 ± 0.5 0.9 ± 1.3
f dust
NL /(10�2) . . . . . 6.6 ± 4.4 6.7 ± 5.9 4.8 ± 4.6 1.9 ± 6.1 4.8 ± 4.4 5.1 ± 5.9 4.4 ± 4.3 3.1 ± 5.7

Given the small size of the f dust
NL errors, this non-detection means

that there is at most a few percent of dust contamination in the
cleaned maps (outside the mask). However, the errors of the lo-
cal shape increase significantly in the joint analysis because the
dust and the local shapes are quite correlated (more than 60 %).

6.3.2. Impact of the tSZ effect

The SMICA component-separation method also produces a
foreground-cleaned temperature map, “SMICA no-SZ,” where, in
addition to the usual foregrounds, contamination by the thermal
Sunyaev-Zeldovich (tSZ) e↵ect has been subtracted as well (see
Planck Collaboration IV 2018). This allows us to test if the tSZ
contamination has any significant impact on our primordial re-
sults (we already saw in Sect. 4.1 that it does seem to have an
impact on the determination of the lensing NG). This is an im-
portant test, since there have been recent claims in the literature
(Hill 2018) that it might have an e↵ect.

The results of the analysis can be found in Table 21. Because
this e↵ect is only important in temperature, we restrict ourselves
to a T-only analysis. Results have been determined with the
KSW estimator, with the Binned estimator (this time using only
150 maps for the linear correction and the error bars instead of
300, which is enough for the purposes of this test), and with the
Modal 1 estimator. The mask used is the same as for the main
analysis. The table also contains the di↵erence with the result
determined from the normal SMICA temperature map (without
tSZ removal) and the uncertainties on this di↵erence.

We see a shift of about 1�� fNL (hence insignificant) in the lo-
cal shape result, which together with orthogonal is the shape pre-
dicted to be most contaminated by the tSZ e↵ect (see Hill 2018).
We actually see a larger shift in the equilateral result, which is
supposed to be almost una↵ected by this e↵ect, while the orthog-
onal shift is the largest, at more than 2�� fNL for all estimators.
However, such a marginal e↵ect in the orthogonal shape without
a corresponding e↵ect in the local shape leads us to conclude
that we do not detect any significant impact of contamination
of the usual foreground-corrected maps by the tSZ e↵ect on our
primordial NG results. In other words, while some tSZ contam-
ination, peaking in the squeezed limit, is expected to be present
in the standard temperature maps, this is too small to be clearly
disentangled from the statistical fluctuations in the fNL results; in

guarantee that the dust residuals (or negative dust residuals in the case
of an oversubtraction), after passing through the component-separation
pipelines, have exactly the same form as the original dust bispectrum.
However, it seems reasonable to assume that the resulting shape would
still be highly correlated with the original dust template, so that this
remains a meaningful test.

other words the tSZ contamination is not bigger than e↵ects due
to the di↵erent processing of the data when tSZ is included in the
foreground components for the SMICA analysis. Furthermore, all
shifts discussed here are much smaller than the uncertainties on
the fNL values themselves, due to the fact that the fNL scatter be-
tween di↵erent cleaned maps (�� fNL ) is much smaller than the
fNL error (� fNL ).

Finally, it should also be pointed out that, using the same
criteria, we cannot strictly call the shift in f lens

NL discussed in
Sect. 4.1 significant either. The observation that all TTT mea-
surements are below the expected value f lens

NL = 1 and that adding
polarization systematically shifts them up, does point to some
tSZ contamination in T-only results for the lensing bispectrum.
However, the analysis discussed in this section finds again only
a 2�� fNL e↵ect in this case; this is slightly larger or smaller than
the significance of the orthogonal fNL shift, depending on the es-
timator. Again, intrinsic statistical uncertainties make it hard to
detect this systematic e↵ect.

6.4. Dependence on sky coverage

The temperature and polarization mask we are using have been
determined to be the optimal masks for use on the maps pro-
duced by the component-separation pipelines, according to cri-
teria explained in Planck Collaboration IV (2018), and hence are
used for all Planck analyses on those maps. However, the choice
of mask can have an impact on the results for fNL. In the first
place the sky fraction of the mask will have a direct e↵ect on the
size of the uncertainties. Potentially more important, however,
is the e↵ect the mask might have on the amount of foreground
residuals. Hence we judge it important to investigate the impact
of the choice of mask on our results by comparing results for
several di↵erent masks. All tests are performed on the SMICA
maps (with one exception, detailed below) using the Binned bis-
pectrum estimator, using 150 maps for the linear correction and
the errors.

As a first test, performed on the temperature map only, we
take the union of the mask used in this paper ( fsky = 0.78) with
the mask we used in our 2015 analysis ( fsky = 0.76), leading
to a mask that leaves a fraction fsky = 0.72 of the sky uncov-
ered. The results for the standard primordial shapes are given
in Table 22, as well as their di↵erences with the results using
the standard mask (see Table 5). The errors on the di↵erences
have been determined from the scatter among 150 simulations
when analysed with the two di↵erent masks. This particular test
is performed both on the SMICA and the Commandermaps, since
its initial purpose was a further check on the discrepancy be-
tween those two component-separation methods regarding the
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But more importantly, the CMB, and Planck 
in particular, imposed for the first time 
high-precision constraints on many 
cosmological parameters…

Planck Collaboration: Cosmological parameters
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Adding running of the spectral index, dns/d ln k, as a single
additional parameter to base ⇤CDM, we find

dns/d ln k = �0.0045 ± 0.0067,

ns = 0.9641 ± 0.0044,

ns,0.002 = 0.979 ± 0.021,
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68 %, TT,TE,EE
+lowE+lensing
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(40b)

where ns is defined by default at k = 0.05 Mpc�1 and ns,0.002
is the corresponding tilt at k = 0.002 Mpc�1. The slight prefer-
ence for negative running is driven by a mild tension between the
CMB temperature power spectrum at high and low multipoles,
with negative running allowing higher large-scale tilt, giving less
power on large scales (see Fig. 27 and the extensive discussions
in PCP13 and PCP15). The measurements of the tilt and running
around the pivot scale of k ' 0.05 Mpc�1 are robust to allow-
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… as well as some fundamental physics parameters: 
strong evidence for cold dark matter, near-zero 
spatial curvature, neutrino masses and effective 
number of relativistic d.o.f.
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Adding running of the spectral index, dns/d ln k, as a single
additional parameter to base ⇤CDM, we find
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where ns is defined by default at k = 0.05 Mpc�1 and ns,0.002
is the corresponding tilt at k = 0.002 Mpc�1. The slight prefer-
ence for negative running is driven by a mild tension between the
CMB temperature power spectrum at high and low multipoles,
with negative running allowing higher large-scale tilt, giving less
power on large scales (see Fig. 27 and the extensive discussions
in PCP13 and PCP15). The measurements of the tilt and running
around the pivot scale of k ' 0.05 Mpc�1 are robust to allow-
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Adding running of the spectral index, dns/d ln k, as a single
additional parameter to base ⇤CDM, we find

dns/d ln k = �0.0045 ± 0.0067,

ns = 0.9641 ± 0.0044,

ns,0.002 = 0.979 ± 0.021,
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where ns is defined by default at k = 0.05 Mpc�1 and ns,0.002
is the corresponding tilt at k = 0.002 Mpc�1. The slight prefer-
ence for negative running is driven by a mild tension between the
CMB temperature power spectrum at high and low multipoles,
with negative running allowing higher large-scale tilt, giving less
power on large scales (see Fig. 27 and the extensive discussions
in PCP13 and PCP15). The measurements of the tilt and running
around the pivot scale of k ' 0.05 Mpc�1 are robust to allow-
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Adding running of the spectral index, dns/d ln k, as a single
additional parameter to base ⇤CDM, we find

dns/d ln k = �0.0045 ± 0.0067,

ns = 0.9641 ± 0.0044,

ns,0.002 = 0.979 ± 0.021,
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where ns is defined by default at k = 0.05 Mpc�1 and ns,0.002
is the corresponding tilt at k = 0.002 Mpc�1. The slight prefer-
ence for negative running is driven by a mild tension between the
CMB temperature power spectrum at high and low multipoles,
with negative running allowing higher large-scale tilt, giving less
power on large scales (see Fig. 27 and the extensive discussions
in PCP13 and PCP15). The measurements of the tilt and running
around the pivot scale of k ' 0.05 Mpc�1 are robust to allow-

37

Planck Collab. ’18



LSS

CMB

COSMOLOGY IN A NUTSHELL

FROM FUNDAMENTAL PHYSICS TO ASTROPHYSICS

DARK ENERGY

INFLATION

The CMB also sets the stage for the expansion 
history, with precise predictions that can be checked 
with distance measurements at low redshifts
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Table 3. Minimum �2 values fitting the SPTpol spectra to the best-fit Planck and SPTpol ⇤CDM cosmologies (as described in
the text). Nb gives the number of band powers in each spectrum. The deviation of �2

min from the expectation h�2
mini = Ndof is given

by the columns labelled N�, where N� = (�2
min � Ndof)/

p
2Ndof , and Ndof = Nb � 8. The last two columns give �2

p for parameter
di↵erences (Eq. 25) and the associated PTEs.

Planck cosmology SPT cosmology

SPTpol spectrum Nb �2
min N� �2

min N� �2
p PTE

T E + EE . . . . . . . . . . . . . . . . . . . . 112 146.1 2.91 137.4 2.31 9.85 0.08
T E . . . . . . . . . . . . . . . . . . . . . . . . . 56 71.4 2.38 70.3 2.27 3.38 0.64
EE . . . . . . . . . . . . . . . . . . . . . . . . . 56 67.3 1.96 61.4 1.37 8.21 0.15

where Cp is the covariance matrix for SPTpol parameters (we
neglect the errors in the Planck parameters, which are much
smaller). Values for �2

p are given in Table 3 together with prob-
abilities to exceed (PTEs) computed from a �2 distribution with
five degrees of freedom. We find no evidence for any statisti-
cally significant inconsistency between the two sets of parame-
ters, even for the combined T E +EE SPTpol likelihood. We also
note that the parameter Ase�2⌧ makes quite a large contribution to
�2

p for the T E + EE and EE spectra, but is sensitive to possible
systematic errors in the SPTpol polarization e�ciency calibra-
tion (Henning et al. 2017, which, as discussed, is not well under-
stood). Varying the maximum multipole used in the SPTpol like-
lihood (`max), we find that the parameters of the SPTpol T E+EE
cosmology converge by `max = 2500; higher multipoles do not
contribute significantly to the SPTpol base-⇤CDM solution.

Henning et al. (2017) reported a trend for the parameters
of the base-⇤CDM cosmology to change as the SPTpol like-
lihood is extended to higher multipoles, which they suggested
may be an indication of new physics. However, this e↵ect is not
of high statistical significance and cannot be tested by the Planck
spectra, which become less sensitive than the SPTpol spectra
at multipoles >⇠ 1500. The consistency of the base-⇤CDM cos-
mology at high multipoles in polarization should become clearer
in the near future as more polarization data are accumulated by
ACTPol and SPTpol.

5. Comparison with other astrophysical data sets

5.1. Baryon acoustic oscillations

As in PCP13 and PCP15 baryon acoustic oscillation (BAO)
measurements from galaxy redshift surveys are used as the pri-
mary non-CMB astrophysical data set in this paper. The acous-
tic scale measured by BAOs, at around 147 Mpc, is much larger
than the scale of virialized structures. This separation of scales
makes BAO measurements insensitive to nonlinear physics, pro-
viding a robust geometrical test of cosmology. It is for this rea-
son that BAO measurements are given high weight compared
to other non-CMB data in this and in previous Planck papers.
BAO features in the galaxy power spectrum were first detected
by Cole et al. (2005) and Eisenstein et al. (2005). Since their dis-
covery, BAO measurements have improved in accuracy via a
number of ambitious galaxy surveys. As demonstrated in PCP13
and PCP15 BAO results from galaxy surveys have been consis-
tently in excellent agreement with the best-fit base-⇤CDM cos-
mology inferred from Planck. More recently, the redshift reach
of BAO measurements has been increased using quasar redshift
surveys and Lyman-↵ absorption lines detected in quasar spec-
tra.

0.5 1.0 1.5 2.0 2.5

z

0.90

0.95

1.00

1.05

1.10

(D
/r

d
ra
g
)/
(D

/r
d
ra
g
) P

la
n
ck

6DFGS

SDSS
MGS

SDSS quasars

WiggleZ

BOSS
DR12

BOSS Ly-� (DM)

DES (DM)

DR14 LRG

Fig. 11. Acoustic-scale distance measurements divided by the
corresponding mean distance ratio from Planck TT,TE,EE
+lowE+lensing in the base-⇤CDM model. The points, with
their 1� error bars are as follows: green star, 6dFGS
(Beutler et al. 2011); magenta square, SDSS MGS (Ross et al.
2015); red triangles, BOSS DR12 (Alam et al. 2017); small
blue circles, WiggleZ (as analysed by Kazin et al. 2014);
large dark blue triangle, DES (DES Collaboration 2017c); cyan
cross, DR14 LRG (Bautista et al. 2017b); red circle, SDSS
quasars (Ata et al. 2017); and orange hexagon, BOSS Lyman-
↵ (du Mas des Bourboux et al. 2017). The green point with ma-
genta dashed line is the 6dFGS and MGS joint analysis result
of Carter et al. (2018). All ratios are for the averaged distance
DV(z), except for DES and BOSS Lyman-↵, where the ratio plot-
ted is DM (results for H(z) are shown separately in Fig. 16). The
grey bands show the 68 % and 95 % confidence ranges allowed
for the ratio DV(z)/rdrag by Planck TT,TE,EE+lowE+lensing
(bands for DM/rdrag are very similar).

Figure 11 summarizes the latest BAO results, updating fig-
ure 14 of PCP15. This plot shows the acoustic-scale distance
ratio DV(z)/rdrag measured from surveys with e↵ective redshift
z, divided by the mean acoustic-scale ratio in the base-⇤CDM
cosmology using Planck TT,TE,EE+lowE+lensing. Here rdrag is
the comoving sound horizon at the end of the baryon drag epoch
and DV is a combination of the comoving angular diameter dis-
tance DM(z) and Hubble parameter H(z):

DV(z) =

"

D2
M(z)

cz
H(z)

#1/3

. (26)

21
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Fig. 15. Constraints on f �8 and FAP (see Eqs. 29 and 30) from analysis of redshift-space distortions. The blue contours show 68 %
and 95 % confidence ranges on ( f �8, FAP) from BOSS-DR12, marginalizing over DV . Constraints from Planck for the base-⇤CDM
cosmology are shown by the red and green contours. The dashed lines are the 68 % and 95 % contours for BOSS-DR12, conditional
on the Planck TT,TE,EE+lowE+lensing constraints on DV .

changed since the appearance of PCP13, but the errors on both
estimates have shrunk so that the discrepancy has grown from
around 2.5� in 2013 to 3.5� today (3.6� using Riess et al.
2018b). This discrepancy has stimulated a number of investi-
gations of possible systematic errors in the either the Planck or
SH0ES data, which have failed to identify any obvious prob-
lem with either analysis (e.g., Spergel et al. 2015; Addison et al.
2016; Planck Collaboration Int. LI 2017; Efstathiou 2014;
Cardona et al. 2017; Zhang et al. 2017; Follin & Knox 2018).
It has also been argued that the Gaussian likelihood assump-
tion used in the SH0ES analysis leads to an overestimate of the
statistical significance of the discrepancy (Feeney et al. 2018a).
Measurements of the Hubble constant using strong gravitational
lensing time delays are more model dependent, but also give a
higher value than Planck in ⇤CDM (Bonvin et al. 2017 report
H0 = 71.9+2.4

�3.0 km s�1Mpc�1), albeit with a large error.
In this paper, we take the R18 estimate at face value and

include it as a prior in combination with Planck in the parame-
ter tables available on the PLA. The interested reader can then
assess the impact of the R18 measurement on a wide range of
extensions to the base-⇤CDM cosmology.

We already mentioned in Sect. 5.1 that BAO measurements
along the line of sight constrain H(z)rdrag. Planck constrains
rdrag to a precision of 0.2 % for the base-⇤CDM model and so
the BAO measurements can be accurately converted into abso-
lute measurements of H(z). This is illustrated by Fig. 16, which
shows clearly how well the Planck base-⇤CDM cosmology fits
the BAO measurements of H(z) over the redshift range 0.3–2.5,
yet fails to match the R18 measurement of H0 at z = 0. The
model also sits marginally low compared to the Ly↵ BAO mea-
surements at z ⇡ 2.4, as discussed in Sect. 5.1.

PCP13 and PCP15 emphasized that this mismatch between
BAO measurements and direct measurements of H0 is not sen-
sitive to the Planck data at high multipoles. For example, com-
bining WMAP with BAO measurements leads to H0 = (68.14 ±
0.73) km s�1Mpc�1 for the base-⇤CDM cosmology, which is
discrepant with the R18 value at the 2.9� level.

Heavens et al. (2014), Cuesta et al. (2015), and
Aubourg et al. (2015) showed that the combination of CMB,
BAO, and SNe data provides a powerful “inverse distance-
ladder” approach to constructing a physically calibrated
distance-redshift relation down to very low redshift. For the
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Fig. 16. Comoving Hubble parameter as a function of redshift.
The grey bands show the 68 % and 95 % confidence ranges al-
lowed by Planck TT,TE,EE+lowE+lensing in the base-⇤CDM
model, clearly showing the onset of acceleration around z = 0.6.
Red triangles show the BAO measurements from BOSS DR12
(Alam et al. 2017), the green circle is from BOSS DR14 quasars
(Zarrouk et al. 2018), the orange dashed point is the constraint
from the BOSS Ly↵ auto-correlation at z = 2.33 (Bautista et al.
2017a), and the solid gold point is the joint constraint from the
Ly↵ auto-correlation and cross-correlation with e↵ective red-
shift z = 2.4 (du Mas des Bourboux et al. 2017). All BOSS mea-
surements are used in combination with the Planck base-model
measurements of the sound horizon rdrag, and the DR12 points
are correlated. The blue point at redshift zero shows the inferred
forward distance-ladder Hubble measurement from Riess et al.
(2018a).

base-⇤CDM model, this inverse-distance ladder approach can be
used to constrain H0 without using any CMB measurements at
all, or by only using constraints on the CMB parameter ✓MC (see
also Bernal et al. 2016; Addison et al. 2018; DES Collaboration
2017b; Lemos et al. 2018). This is illustrated in Fig. 17, which
shows how the constraints on H0 and ⌦m converge to the Planck
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Starting from these initial conditions, N-body 
simulations tell us that on very large scales (>100 
Mpc) the Universe should look like a web of 
structures: sheets, filaments,  nodes, halos, etc.

MultiDARK Collab.



LSS

CMB

COSMOLOGY IN A NUTSHELL

FROM FUNDAMENTAL PHYSICS TO ASTROPHYSICS

DARK ENERGY

INFLATION

Of course, what we actually observe are 
baryonic components: galaxies, quasars, 
gas clouds (H), supernovas… 
AND BY THE WAY…

HST Deep Field
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Supernovas, in particular, gave us the first hints that 
something strange was going on. Apparently, for 
about half of the age of the Universe, its expansion 
decelerated; but then, it started to accelerate
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Since acceleration takes place in the late Universe, the 
CMB is not a powerful test. However, supernovas and 
LSS enable accurate phenomenology of the recent 
accelerated phase
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Fig. 30. Marginalized posterior distributions of the (w0, wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide
volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0, wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k2 = �µ(a, k) 4⇡Ga2 ⇥⇢� + 3(⇢ + P)�
⇤

, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k2 ⇥� � ⌘(a, k) 
⇤

= µ(a, k) 12⇡Ga2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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According to existing data, only a small fraction of our 
Universe is made of visible matter: if dark energy 
accounts for cosmic acceleration, it makes up ~70% 
of the total. And, of course, there is still dark matter…
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Einstein’s Cosmological Constant (Λ) is still the simplest 
explanation, and is consistent with all data. However, it 
suffers from a huge naturalness problem, compared 
with the vacuum energies arising from the SM
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Both dark energy and modified gravity can describe 
the same expansion history (w/ identical Friedmann 
equations), but changing gravity’s laws also affects 
the Poisson equation and the geodesic equations

Gµ� = 8�GTµ�+8�GTE
µ�

�Gµ�+Gµ� = 8�GTµ�

r2� =
16⇥G
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�⇤�
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Today one of the greatest challenges in cosmology is 
to produce accurate 3D maps of the Universe, where 
we can measure cosmic acceleration, test gravity on 
large scales, understand how galaxies form and evolve, 
and even search for the influence of neutrinos



LARGE-SCALE STRUCTURE

THE VISIBLE AND THE INVISIBLE WEBS



Initially, density fluctuations are very small (δρ/ρ ~ 10-4), and in this 
linear regime, structure formation proceeds at a moderate pace

1D 2D

THE VISIBLE AND THE INVISIBLE WEBS
LARGE-SCALE STRUCTURE



However, soon the linear regime fails to describe the growing 
concentration of matter in the initially overdense regions.  
Gravity is a relentless force driving inequality in the Universe.

THE VISIBLE AND THE INVISIBLE WEBS
LARGE-SCALE STRUCTURE



Dark matter is 5-6x more abundant than baryonic matter, therefore 
it often determines the gravitational wells where we also find 
luminous baryons— galaxies of all kinds, quasars, gas clouds, etc.

blue/
spiral

galaxies

red 
galaxies

quasars & 
AGNs

Visible v. Invisible structures

THE VISIBLE AND THE INVISIBLE WEBS
LARGE-SCALE STRUCTURE



Galaxies serve as tracers of the dense regions of 
the Universe, where we find more matter. 
Although their absolute positions are irrelevant, 
their relative positions tells us about clustering

Clustering 
in position 

space

Clustering 
in Fourier 

space

bi
as

bi
as

THE CLUSTERING OF MATTER
LARGE-SCALE STRUCTURE

BOSS, Sánchez et al. 2017



ECHOS FROM THE PAST

The feature in the correlation function at r~105 h-1 Mpc arises from the acoustic 
horizon for the photon-baryon fluid during recombination (decoupling), at z~1100.  
In Fourier and Harmonic Space this translates into oscillations, hence the name: 
Baryon Acoustic Oscillations (BAOs)

single density peak correlation function

LARGE-SCALE STRUCTURE

D. Eisenstein

—   dark matter 
—   photons 
- -  baryons 
- -  neutrinos



OBSERVING THE BARYON ACOUSTIC OSCILLATIONS

BAOs are a statistical standard ruler: 
we expect extra clustering on scales 
LBAO=(147.7±0.7) Mpc . 

Planck 2018

�r = dA �✓

�r =
c

H(z)
�z

LARGE-SCALE STRUCTURE



REDSHIFT-SPACE DISTORTIONS

The radial positions to distant galaxies are inferred 
from their redshifts. Hence, we cannot distinguish 
between the Hubble flow and the peculiar velocities

BAO BAO BAOr||

r?

�(r) ! �
obs

(r�, r||) N. Kaiser 1984

Hubble 
flow

This is the origin of the redshift-space distortions 
(RSDs) in the 2-pt correlation function and 

power spectrum, which become anisotropic

LARGE-SCALE STRUCTURE



STRUCTURE FORMATION AND THE EQUIVALENCE PRINCIPLE
LARGE-SCALE STRUCTURE

The velocity field reflects the  
gravitational force in an unbiased way

µk = r̂ · k̂

Fourier space

Pg(k) '
�
bg + fµ2

k

�2
Pm(k)

N. Kaiser ’87 
Guzzo et al. ’04 

Percival & White ’09 
Raccanelli et al. ’13 

+

M



The matter growth rate (f ) is partly degenerate with galaxy 
bias (bg), and both are degenerate with the amplitude of the 
power spectrum (σ8)

LARGE-SCALE STRUCTURE

Pg(k) '
�
bg + fµ2

k

�2
Pm(k)

= (bg�8 + f�8 µ
2
k)

2Pm(k)

�2
8

f =
d lnG

d ln a
' ⌦�

m

22 P. Zarrouk et al.

Figure 18. Parameter contours for f�8, D
A

and H for the predictions by
the 5 companion papers using the same DR14Q dataset for traditional RSD
analyses. Blue contours show the results presented in this work in configu-
ration space, and red contours show the predictions by Hou et al. (2018) in
configuration space too using a second RSD modeling. The Fourier Space
based analyses are shown in green contours for the results by Gil-Marin
et al. (2018) using a third RSD modeling, in magenta contours for the re-
sults by Ruggeri et al. (2018) and in orange contours for Zhao et al. (2018),
both using redshift weighting techniques but with a different model.

Figure 19. Evolution of the BAO distances with redshift compared to the
prediction from the flat ⇤-CDM model with Planck parameters. The Hub-
ble distance DH is related to the Hubble parameter H by DH = c/H
and DM = (1 + z)DA where DM is the comoving angular diameter dis-
tance. The BAO results from this work using the eBOSS DR14 quasars are
represented by the * marker and are compared to previous analyses using
galaxies and Ly-↵ forests to probe different epochs.

mΩ
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

  
Λ

Ω

0

0.2

0.4

0.6

0.8

1
        0  LOWz + CMASS + H

        0 LOWz + CMASS + QSO + H

        0 + Hα  LOWz + CMASS + QSO + Ly-

mΩ
0 0.1 0.2 0.3 0.4 0.5 0.6

w 
 

1.4−

1.2−

1−

0.8−

0.6−

0.4−

        0  LOWz + CMASS + H
        0 LOWz + CMASS + QSO + H

        0 + Hα  LOWz + CMASS + QSO + Ly-

Figure 20. Left : Cosmological constraints in the ⌦⇤ vs ⌦
m

plane. Right:
Cosmological constraints in the w vs ⌦

m

plane. The inner and outer con-
tours show the 68 and 95% confidence-level two-dimensional marginalised
constraints. All contours are showed assuming a flat ⇤CDM-model. The
blue contour represents the cosmological constraints using BOSS DR12
galaxies, the red contour shows the gain when adding the eBOSS quasar
sample and the green contour also includes the results from Ly-↵ measure-
ments. All results are consistent with a ⇤CDM Universe.

Figure 21. Measurements of f�8(z) with redshift compared to the predic-
tion from the flat ⇤-CDM+GR model with Planck parameters. The f�8(z)

result presented in this work for the quasar sample is represented by the *
marker and is obtained using 3-multipole fit. The error bar represents the to-
tal systematic error that includes the statistical precision and the systematic
error related to the RSD modeling used in this analysis.

The GR prediction that � = 0.55 can not be accurately
tested given the statistical precision of the eBOSS quasar sample
only. Combining our data to the measurement of ⌦

m

from Planck
produces � = �0.2 ± 1.2. The lack of precision arises because
in the eBOSS quasar redshift range, ⌦

m

is close to 1 and the
sensitivity to � is therefore reduced as can be seen from the black
curves in Figure 21, which shows theoretical predictions on f�8

for different values of �.

As for the cosmological distances, the growth rate measure-
ment uncertainty should be reduced by a factor ⇠2 once the final
eBOSS sample will be complete. However, the clustering measure-
ments using the current eBOSS quasar sample represent the most
precise f�8 measurements to date in the almost unexplored redshift
range 1 < z < 2.

MNRAS 000, 1–25 (2017)

Zarrouk et al., 1801.03062

Peculiar velocities, RSDs 
➠ matter growth rate f

STRUCTURE FORMATION AND THE EQUIVALENCE PRINCIPLE



THERE ARE MANY TRACERS OF LARGE-SCALE STRUCTURE…
LARGE-SCALE STRUCTURE
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LARGE-SCALE STRUCTURE
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By contrasting the clustering of many 
tracers of large-scale structure we can 
beat cosmic variance, and measure 
some parameters with high accuracy: 

P1 = (b1 + fµ2
k)Pm(k; z)

P2 = (b2 + fµ2
k)Pm(k; z)

The key is high numbers of distinct 
types of tracers: red galaxies, blue 
galaxies, emission-line galaxies, 
quasars, neutral H regions (21cm); 
DM halos; …

P1

P2
=

(b1 + fµ2
k)

(b2 + fµ2
k)

Seljak ’08 , Gil-Marín et al. ’11 
R.A. ’12 , R.A. & Leonard ’13  

R.A. Secco & Loureiro ’16 
Bull et al. ‘ 16 , Fonseca et al. ’16 

THERE ARE MANY TRACERS OF LARGE-SCALE STRUCTURE…



THE OBSERVABLE UNIVERSE
OBSERVATIONS

P. Budassi



SURVEYS: PAST, PRESENT AND FUTURE
OBSERVATIONS

DES
J-PAS

JPCam CryoCam 
Sensor metrology Δz <27μm (cf: requirement <40μm) 

gsdss gsdssgsdss

UJ-

PAS’ rsdss
UJ-

PAS’rsdss

rsdss rsdssrsdss

UJ-

PAS’ rsdss
UJ-

PAS’rsdss

Tray 5
pos. 5 pos. 6 pos. 7

pos. 12 pos. 13 pos. 14

pos. 8 pos. 1 pos. 2 pos. 9

pos. 10 pos. 3 pos. 4 pos. 11

J-PAS filters

Recent past and near future

Surveys of the future
DESI

euclid

✔ ✔



PFS: PRIME FOCUS SPECTROGRAPH
OBSERVATIONS

eBOSS (2014-)

Dark energy competition
DESI (2020?-)

LSST (2023?-)

BOSS
(2009-2014)

HSC (2014-) PFS (2021?-)

Subaru

FastSound
(2013-15)

WFIRST (2025?-)
SPHEREx (2023?-)

DES (2013-)

Euclid (2022?)

SuMIRe = Subaru Measurement of 
Images and Redshifts

l Build	wide-field	camera	(Hyper	Suprime-Cam) and	
wide-field	multi-object	spectrograph	(Prime	Focus	
Spectrograph)	for	the	Subaru	Telescope	(8.2m)

l Explore	the	fate	of	our	Universe:	dark	matter,	dark	energy	
l Measure	distances	of	4M	galaxies	
l ASIAA	greatly	contributes	to	the	project	through	
instrumentation	(led	by	S.-Y.	Wang)

HSC
PFS

Subaru (NAOJ)

SuMIRe = Subaru Measurement of 
Images and Redshifts

l Build	wide-field	camera	(Hyper	Suprime-Cam) and	
wide-field	multi-object	spectrograph	(Prime	Focus	
Spectrograph)	for	the	Subaru	Telescope	(8.2m)

l Explore	the	fate	of	our	Universe:	dark	matter,	dark	energy	
l Measure	distances	of	4M	galaxies	
l ASIAA	greatly	contributes	to	the	project	through	
instrumentation	(led	by	S.-Y.	Wang)

HSC
PFS

Subaru (NAOJ)



DESI: DARK ENERGY SPECTROSCOPIC INSTRUMENT
OBSERVATIONS

Fuente: http://dstn.astrometry.net/talks/2017-02-14-desi-northwestern.pdf 

[DESI I] 

Fuente: https://commons.wikimedia.org/wiki/File:Kitt_Peak_National_Observatory_(1)_-_Flickr_-_Joe_Parks.jpg 



FIBER SPECTROGRAPHS (…, PFS, DESI, WEAVE, 4MOST)
OBSERVATIONS

[BGS DESI] 

Fuente: https://www.youtube.com/watch?v=g1LVMox0KNc 

https://youtu.be/IH-Sn0b7zwA


J-PAS

J-PAS (FIRST LIGHT: FEW MONTHS!)
OBSERVATIONS

Javalambre Survey Telescope (JST/T250)

JST/T250

Optical configuration Ritchey Chrétien like, 
equipped with a field corrector

M1 diameter 2.55 m

Field Corrector 3 aspherical lenses

FoV diameter 3 deg (476 mm physical size)

Effective collecting area 3.89 m2

Etendue 26.5 m2deg2

EE50 (radius) <4.75 microns (polychromatic) 
over the whole FoV

Focal length 9098 mm

Plate scale 22.67 arcsec/mm

Mount Altazimuthal

Focus Cassegrain

Javalambre Survey Telescope (JST/T250)

JST/T250

Optical configuration Ritchey Chrétien like, 
equipped with a field corrector

M1 diameter 2.55 m

Field Corrector 3 aspherical lenses

FoV diameter 3 deg (476 mm physical size)

Effective collecting area 3.89 m2

Etendue 26.5 m2deg2

EE50 (radius) <4.75 microns (polychromatic) 
over the whole FoV

Focal length 9098 mm

Plate scale 22.67 arcsec/mm

Mount Altazimuthal

Focus Cassegrain

JPCam CryoCam 
Sensor metrology Δz <27μm (cf: requirement <40μm) 

OAJ

T250

JPAS-Pathfinder@JST/T250
towards a mini-JPAS survey

Antonio Marín-Franch 
CEFCA — OAJ Manager

XV J-PAS Meeting  (9 - 11 October 2017) Observatorio Astronomico de Javalambre



J-PAS

J-PAS: IMAGING MEETS SPECTROSCOPY

No spectra: pseudospectra 
imaging in 54 narrow-band filters (+BBs)  

➫  everything to r<~23

➫ Dark energy/MoG 
➫ Galaxy evolution 
➫ LSS (BAOs & RSDs) 
➫ Supernovas 
➫ Clusters 
➫ QSOs

z = 1.7 2.2 3.2 z = 1.05 0.07 0.30
0.08 0.15

Benítez et al. ’09, ‘14 
R.A. et al.  ’11, … 

http://j-pas.org

OBSERVATIONS

http://j-pas.org


J-PAS

J-PAS: QUASARS AS SEEN BY 54 NARROW-BAND FILTERS
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OBSERVATIONS



J-PAS

J-PAS: MASSIVE, BILLION-OBJECT SURVEY
~105 objects/degree2 

Huge challenge — even with 56 narrow-band filters 

• Classical techniques (e.g., template matching) 
• Machine learning (collab. with Comp. Sc. Depts.) 

J-PAS: fully probabilistic catalogs 

OBJ (RA , DEC): 

p(star) 
→ p(A) 
→ p(B) 
… 

p(gal) 
→ p(S0) → p(z|S0) 
→ p(E0) → p(z|E0) 
… 

p(qso) 
→ p(Q) → p(z|Q) 

p(junk)

Molino et al. ‘18

OBSERVATIONS



NEW DATA, NEW TOOLS

R.A., Secco & Loureiro ’16 
Sato-Polito, Montero-Dorta, R.A., Prada & Klypin ’18  

Montero-Dorta, R.A., Granett, Guzzo et al., to appear ’19 

Optimal methods to combine all galaxies, QSOs, halos etc.

VIPERS — Guzzo et al. ‘16

Montero-Dorta, R.A., et al. ’19 [to appear]

OBSERVATIONS



J-PAS

J-PAS: FORECASTS ON GR V. MODIFIED GRAVITY

22 P. Zarrouk et al.

Figure 18. Parameter contours for f�8, D
A

and H for the predictions by
the 5 companion papers using the same DR14Q dataset for traditional RSD
analyses. Blue contours show the results presented in this work in configu-
ration space, and red contours show the predictions by Hou et al. (2018) in
configuration space too using a second RSD modeling. The Fourier Space
based analyses are shown in green contours for the results by Gil-Marin
et al. (2018) using a third RSD modeling, in magenta contours for the re-
sults by Ruggeri et al. (2018) and in orange contours for Zhao et al. (2018),
both using redshift weighting techniques but with a different model.

Figure 19. Evolution of the BAO distances with redshift compared to the
prediction from the flat ⇤-CDM model with Planck parameters. The Hub-
ble distance DH is related to the Hubble parameter H by DH = c/H
and DM = (1 + z)DA where DM is the comoving angular diameter dis-
tance. The BAO results from this work using the eBOSS DR14 quasars are
represented by the * marker and are compared to previous analyses using
galaxies and Ly-↵ forests to probe different epochs.
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Figure 20. Left : Cosmological constraints in the ⌦⇤ vs ⌦
m

plane. Right:
Cosmological constraints in the w vs ⌦

m

plane. The inner and outer con-
tours show the 68 and 95% confidence-level two-dimensional marginalised
constraints. All contours are showed assuming a flat ⇤CDM-model. The
blue contour represents the cosmological constraints using BOSS DR12
galaxies, the red contour shows the gain when adding the eBOSS quasar
sample and the green contour also includes the results from Ly-↵ measure-
ments. All results are consistent with a ⇤CDM Universe.

Figure 21. Measurements of f�8(z) with redshift compared to the predic-
tion from the flat ⇤-CDM+GR model with Planck parameters. The f�8(z)

result presented in this work for the quasar sample is represented by the *
marker and is obtained using 3-multipole fit. The error bar represents the to-
tal systematic error that includes the statistical precision and the systematic
error related to the RSD modeling used in this analysis.

The GR prediction that � = 0.55 can not be accurately
tested given the statistical precision of the eBOSS quasar sample
only. Combining our data to the measurement of ⌦

m

from Planck
produces � = �0.2 ± 1.2. The lack of precision arises because
in the eBOSS quasar redshift range, ⌦

m

is close to 1 and the
sensitivity to � is therefore reduced as can be seen from the black
curves in Figure 21, which shows theoretical predictions on f�8

for different values of �.

As for the cosmological distances, the growth rate measure-
ment uncertainty should be reduced by a factor ⇠2 once the final
eBOSS sample will be complete. However, the clustering measure-
ments using the current eBOSS quasar sample represent the most
precise f�8 measurements to date in the almost unexplored redshift
range 1 < z < 2.

MNRAS 000, 1–25 (2017)

J-PAS forecast

J-PAS Collab.  ’19 [Aparício-Villega, Maroto, R.A. et al.]

OBSERVATIONS



PFS and DESI forecasts (power sepctrum + bispectrum)

DESI

PFS
GR + LCDM

Mod. gravity

Only PFS can access z>2 with galaxies 
(even Euclid cannot)

J-PAS

J-PAS: FORECASTS ON GR V. MODIFIED GRAVITY
OBSERVATIONS

Okumura ’16



PFS and DESI forecasts (power sepctrum + bispectrum)

DESI

PFS
GR + LCDM

Mod. gravity

Only PFS can access z>2 with galaxies 
(even Euclid cannot)

J-PAS

J-PAS: FORECASTS ON GR V. MODIFIED GRAVITY

J-PAS 
forecast

J-PAS Collab.  ’19 [Aparício-Villega, Maroto, R.A. et al.]

OBSERVATIONS

Okumura ’16



LARGE-SCALE STRUCTURE MEETS FUNDAMENTAL PHYSICS
CONCLUSIONS

✦ Cosmic acceleration is a fundamental challenge: either dark energy or 
modified gravity will shake the foundations of physics

✦ Surveys targeting cosmic acceleration or inflation are 
also superb tools to understand galaxy formation

✦ 3D maps of the Universe are progressing 
fast: by combining optical, IR and 21cm, 
by ~2030 we will have mapped ~2/3 of 
the volume of the observable Universe!


