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Cosmology from LSST:
The Power of Combining Probes

Krause & Eifler 2017
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Mais ce n’est pas tout … 

• A single survey providing data for 5 different probes of dark energy 
• Optimal use of a space observatory 
• Explore both geometry/expansion and clustering evolution/growth of structures 

• Design allow for a single visit to acquire imaging and spectroscopy on wide fields 

• Main probes are Weak Lensing and BAO/RSD surveys 
• WL: 1.5 109 galaxy shapes, shear & photo-z (u,g,r,i,z,Y,J,H, ∆z=0.05(1+z)) 

• 15000 deg2 , up to z=2 

• GC/RSD: 35 106 spectroscopic redshifts (∆z=0.001(1+z))  
• 15000 deg2 probing 0.7<z<1.8 

• Great for DE 
• Fantastic for ancillary astrophysics!

slide from K. Benabed’s talk



WFIRST-AFTA 
 

Section 2: WFIRST-AFTA Science 16 

match between the gravitational potential inferred from 
weak lensing (in Figure 2-1, cosmic shear and clusters) 
and the gravitational potential that affects motions of 
non-relativistic tracers, which governs redshift-space 
distortions (RSD) in the galaxy redshift survey.  

This flow diagram necessarily simplifies some key 
points, most notably (a) that the SN distance scale is 
calibrated in the local Hubble flow while the BAO dis-
tance scale is calibrated in absolute (H0-independent) 

units, so they provide complementary information even 
when measured at the same redshift, and (b) that cos-
mic shear, cluster abundances, and RSD probe the ex-
pansion history as well as the growth history. The com-
bination of WFIRST-AFTA dark energy probes is far 
more powerful than any one probe would be in isola-
tion, allowing both cross-checks for unrecognized sys-
tematics and rich diagnostics for the origin of cosmic 
acceleration. We discuss the anticipated constraints on 

Figure 2-1: A high-level view of the WFIRST-AFTA dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of 18 million emission-line galaxies and shapes 
(in multiple filters) of 380 million galaxies. The former allow measurements of “standard ruler” distances through char-
acteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of matter clustering 
through the “cosmic shear” produced by weak gravitational lensing and through the abundance of galaxy clusters with 
masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements also constrain dis-
tances, while the galaxy redshift survey provides an alternative measure of structure growth through the distortion of 
redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggregate precision of 
these measurements in different ranges of redshift. These high-precision measurements of multiple cosmological ob-
servables spanning most of the history of the universe lead to stringent tests of theories for the origin of cosmic accel-
eration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) from the growth 
of structure predicted by General Relativity, or on deviations between the gravitational potentials that govern relativ-
istic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 
 

High Latitude Survey !
WFIRST-AFTA Dark Energy Roadmap!

Supernova Survey!
wide, medium, & deep imaging !

+!
IFU spectroscopy!

!

2700 type Ia supernovae !
z = 0.1–1.7 !

spectroscopic: galaxy redshifts!
!

16 million Hα galaxies, z = 1–2 !
1.4 million [OIII] galaxies, z = 2–3 !

imaging: weak lensing shapes!
!

380 million lensed galaxies!
40,000 massive clusters!

standard candle distances!
z < 1 to 0.20% and z > 1 to 0.34% !

!
!
!
!
!
!
!

standard ruler !
 distances               expansion rate!

z = 1–2 to 0.5%      z = 1–2 to 0.9% !
z = 2–3 to 1.3%       z = 2–3 to 2.1% !
!
!
!
!
!

dark matter clustering!
z < 1 to 0.21% (WL); 0.24% (CL)!
z > 1 to 0.78% (WL); 0.88% (CL)!

1.1% (RSD)!
!
!
!
!
!
!

    history of dark energy !
                     + !
      deviations from GR!
!

  w(z), ΔG(z), ΦREL/ΦNREL!

(aka the spy telescope)

(credit: WFIRST SDT report, Spergel+ ’15)
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Figure 1: CosmoLike forecasts of constraints on the dark energy equation-of-state from combining current
CMB+BAO+SN data with anticipated WFIRST WL, GGL, projected clustering, cluster number counts, and clus-
ter weak lensing measurements. We adopt a flat universe with w(z) = w0 +wa[1� (1 + z)�1], with the x�axis showing
the value of w at z = 0.2 where it is best constrained by this data combination. The left panel shows the improvement
from WFIRST imaging data with statistical errors only. In the middle panel, red contours show the e↵ect of an uncor-
rected shear calibration error of magnitude 0.004, while blue contours show the result with the same calibration error
after marginalizing over five shear calibration nuisance parameters with Gaussian priors of width 0.002. The right panel
shows a similar example for an astrophysical systematic, the presence of galaxy intrinsic alignments (see [32] for details).

e↵ect of observational complications (survey geometry, variable depth and completeness, etc.) on WL
and clustering measurements and to provide realistically clustered inputs for the pixel-level simulations
described earlier.

The overall cosmological simulation e↵ort is large, but many ambitious dark energy experiments face a
similar challenge. Our team includes collaborators (Heitmann, Takada, Yoshida) who are leading similar
e↵orts for Subaru HSC and PFS, DES, DESI and LSST. By 2020, advances in computing will make
it possible to run larger numbers of simulations, or explore more parameter space at a given size and
resolution. We will publish papers documenting our methodology development and will simultaneously
release the associated simulations. This growing library of publicly available simulations will encourage
the broader community to develop methods that will ultimately be applied to WFIRST (and other
surveys).

Galaxy-galaxy lensing. The combination of GGL with galaxy clustering is an alternative route
to extracting cosmological constraints from an imaging survey. Systematics are significantly di↵erent
from those a↵ecting cosmic shear analysis, and theoretical studies suggest that the statistical power is
comparable [79]. The need to mitigate systematics favors a joint modeling approach to cosmic shear,
GGL, and galaxy clustering, it requires devising and testing models of non-linear galaxy clustering
and its dependence on redshift, building on studies such as [80, 3, 9, 37, 43, 83] and including the
possible impact of “assembly bias” connected to halo formation histories. We will include GGL in our
cosmological forecasting framework and identify any GGL-specific requirements distinct from those tied
to cosmic shear.

Clusters. Our e↵orts in cluster analysis methodology will parallel those for cosmic shear and GGL,
facing many of the same issues but in the (somewhat simpler) high mass halo regime. Co-I Weinberg will
lead the cluster e↵ort with support from collaborators Rozo and von der Linden. While the WFIRST
data set presents some unique issues, we will draw extensively on the machinery being developed for
DES by Rozo, which follows the broad strategy laid out in chapter 6 of [77], as well as later for LSST,
described in [33].

The first branch of the cluster e↵ort will focus on the identification and characterization of clusters

8

WFIRST HLS SIT

one satellite, three cosmological surveys - launch ca. 2025



Beyond Dark Energy

Imprint of neutrinos  

N. Palanque-Delabrouille  —   October 30, 2015, LBNL INPA seminar 16 
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Suppression is z-dependent 
 
Ly-α: 
- Access to small scales  
  (max effect) 
 
-  Large z-range [2.1 ; 4.5] 
 
- Non-linear regime 
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measure imprint of inflation on late-time structure
forecasts under way



the early days: SDSS, 2-degree Field survey(2dF):            

                              low-redshift galaxies

Spectroscopic Dark Energy Surveys

credit: 2dF collaboration

O(105 � 106)



Cosmological Analysis of BOSS galaxies 25
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Figure 14. The “Hubble diagram” from the world collection of spectroscopic BAO detections. Blue, red, and green points show BAO measurements of DV /rd,
DM/rd, and DH/rd, respectively, from the sources indicated in the legend. These can be compared to the correspondingly coloured lines, which represents
predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3156, h = 0.6727). The scaling by

p

z is arbitrary, chosen to compress the dynamic range
sufficiently to make error bars visible on the plot. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift; auto-correlation
points are plotted at the correct effective redshift. Measurements shown by open points are not incorporated in our cosmological parameter analysis because
they are not independent of the BOSS measurements.

presented in Table 9 and denoted as G-M et al. (2016 a+b+c). The
combination of these three sets of results is presented at the end
of Gil-Marı́n et al. (2016c). As before, this case is compared to
our full-shape column of Table 7, approximating LOWZ to our low
redshift bin and CMASS to our high redshift bin, where the vol-
ume difference factor has been taken into account. Our DM mea-
surement of 1.7% in the low redshift bin and 1.8% in the high red-
shift bin compares to 1.5% and 1.1%, respectively, in Gil-Marı́n
2016 a+b+c. Regarding H(z), our measurement of 2.8% in both
the low and high redshift bins compares to 2.5% and 1.8% in Gil-
Marı́n 2016 a+b+c. Finally our f�8 constraint of 9.5% and 8.9% in
the low and high redshift bin compares to the LOWZ and CMASS
measurements of 9.2% and 6.0% by Gil-Marin 2016a+b+c. One
can attribute the improvement in Gil-Marı́n 2016a+b+c when com-
pared to our measurement to the use of the bispectrum, which has
not been used in our analysis.

c
� 2016 RAS, MNRAS 000, 1–38

the present: BOSS, WiggleZ, …

  intermediate-redshift galaxies 

Spectroscopic Dark Energy Surveys

Alam+ 2016
talk by F. Beutler

credit: SDSSIII

credit: 2dF collaboration

O(106)



Spectroscopic Dark Energy Surveys

DESI Hubble Diagram:  
•  Estimated Errors after 5 year survey 

8 
Dark Energy Spectroscopic Instrument 
U.S. Department of Energy Office of Science 
Lawrence Berkeley National Laboratory

May	2016	DOE	CD-3	Review

R.	Wechsler	-	P7

DESI Hubble Diagram
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Redshift

DESI	predictions

Current	Data
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DESI Survey: ~ 34M Galaxies, 14K deg2 

•  10 million Bright Galaxies 0.0<z<0.4 
•  4 million Luminous Red Galaxies (LRGs) 0.4<z<1 
•  17.1 million Emission Line Galaxies (ELGs) 0.6<z<1.6 
•  1.7 million Tracer Quasars (QSOs) 1<z<2.1 
•  0.7 million High redshift Quasars probe IGM (Lyman-alpha forest) (z>2.1) 

5 
Dark Energy Spectroscopic Instrument 
U.S. Department of Energy Office of Science 
Lawrence Berkeley National Laboratory

May	2016	DOE	CD-3	Review

R.	Wechsler	-	P7

Five	target	classes	spanning	redshifts	z=0	➔ 3.5.	
~34	million	redshifts	over	14,000	sq.	degrees	(baseline	survey).

What is DESI?

4	million	LRGs

17	million	ELGs

2.4	million	QSOs

10	million	brightest	galaxies

3

Dark Energy  
turns on here 

DESI CDR

DESI CDR

    

credit: SDSSIII

credit: 2dF collaboration

the future: Dark Energy Spectroscopic Instrument (DESI)

              intermediate+high-z galaxies O(107)



• ”Stage	IV”	
-		DESI	+	4MOST:	broadband	mul;-tracer	RSD	power	spectra	
-		LSST:	angular	clustering,	galaxy	clusters,	WL,	SN,	strong	lensing 

• Precision	Cosmology	
- Sta;s;cal	power	needs	to	be	matched	by	systema;cs	control	
- Overlapping	surveys	are	not	independent	

• Baseline	Forecasts	
-		account	for	cross-covariance	between	overlapping	surveys	
-	~60	nuisance	parameter	(LSST),	~10/(spectroscopic	survey)	
-	open	waCDM	cosmology	
-	Linearized	modified	gravity	effects	using		(μ,𝛴)	parameteriza;on																											
(CosmoLike	implementa;on	by	Miyatake	&	Eifler)	

Cosmological	Parameters	from	SSSI:	
Prerequisites



• SSSI	Baseline	Scenarios		

-	SSSI-dense:	4xDESI-like	density	->	be^er	sampling	at	large	k	

-	SSSI-deep:	DESI-like	+	high-z	sample	->	extend	redshi_	baseline	

-	mul;-tracer	analysis	with	ELG,	LRG,	QSO	samples 

• NB:	4MOST	(12K	sqdeg)	already	included	in	Stage	IV	forecasts	

Cosmological	Parameters	from	SSSI:	
SSSI	Modeling

kmax = 0.2



• NB:	Lya,	CMB-S4,	survey	cross-correla;ons	not	yet	included	

• Stage	IV	+	SSSI	includes	improved	photo-z	calibra;on	

Cosmological	Parameters	from	SSSI:	
Constraints

Stage 
IV

+SSSI
dense,
kmax=.2

+SSSI
dense,
kmax=.5

+SSSI
deep,
kmax=.2

+SSSI
deep,
kmax=.5

+SSSI
deepx4,
kmax=.2

+SSSI
deepx4,
kmax=.5

FoM 1089 1486 2430 1425 1972 1697 2860

𝜎(wa) 0.082 0.070 0.050 0.071 0.060 0.062 0.051

𝜎(𝞪s) 0.0028 0.0022 0.0016 0.0022 0.0019 0.0020 0.0013

𝜎(μ) 
𝜎(𝛴)

0.019, 
0.033

0.014, 
0.027 - 0.015, 

0.028 - 0.012 
0.023 -



• Best	constraints	from	deep	+	densely	sampled	survey	(deepx4)	

• For	downscaled	version,	deep	or	dense	sample	yield	comparable	
constraining	power	

-		SSSI-dense,	if	theory	uncertain.es	can	be	controlled	
-	SSSI-dense,	to	control	theory	uncertain.es		

-		SSSI-deep	provides	more	leverage	on	general	;me	dependence	

Cosmological	Parameters	from	SSSI:	
Implica;ons	for	Survey	Design



Cosmology with a ~billion spectra

Deep, wide, dense spectroscopic survey 

• Most detailed map of galaxy distribution 
enables splits by environment 
cross-correlation science 

• Measure galaxy power spectrum really, really well 
non-linear scales for z<1.5 
linear scales for 1.5<z<3.25 
power spectrum as function of galaxy type 

• Unprecedented signal-to-noise in higher-order statistics 



3 Information in the Sky 5

Figure 1. Fractional error in the power spectrum on linear scales (k = 0.2hMpc�1
) that quantifies

inhomogeneities for various redshifts as a function of the number of objects surveyed. The dots are projections

for DESI: at z = 1 DESI will be within a factor of 3 of the ultimate error, but at higher redshift, there is

at least of factor of ten more information to be mined by future surveys. LSST will measure many more

objects but will have imperfect radial information so therefore less e↵ective information per object.

There is a subtlety hidden in this analogy, one that argues even more strongly to go to higher redshift. The
length scales on which structure is measured in the universe fall broadly into three categories. On large scales,
those exceeding roughly 100 Mpc, the fluctuations are in the linear regime, where our theoretical modeling
is practically perfect and we can extract all information available in those modes. As surveys gather more
objects over the same volume of the universe, we also begin to measure the weakly non-linear scales between
roughly 10 and 100 Mpc. On those scales, the modeling becomes more di�cult, but not intractable and the
signature of fundamental physics is not completely erased. On these smaller scales, there are many more
weakly non-linear modes accessible for a survey (in Fourier space, the number of modes grows as k

3) and
hence being able to extract information from them o↵ers potentially massive rewards in terms of information
content. This regime is an area of very active research in theoretical modeling and despite large advances in
the field, we still do not know just how far into this regime we can model. Therefore it is impossible to make
accurate forecasts for the scientific reach of the future experiments. Finally, on the smallest scales, those
at separations less than approximately 10 Mpc, we find virialized structures, where memory of the concrete
realization of the initial conditions has been erased and remain there only in a statistical sense. These
structures are the most di�cult to model a-priori, but can be understood with a combination of numerical
work and analytical models. Since in many models of modified gravity, the field goes from being screened to
unscreened on these scales (see, e.g., §4.6), they potentially o↵er novel ways of constraining these models.

The future projects that probe higher redshifts thus extend our ability to constrain the universe in two
distinct ways. First, by probing a di↵erent redshift range, they probe a di↵erent epoch in the evolution of
the universe (as the LHC probes higher energy). For example, if dark energy had a non-standard behavior at
z ' 1.5, this can be established convincingly only by measuring the properties of the universe in the relevant
redshift range. Second and equally important, reaching to higher redshift opens more volume, where a
“fresh” batch of linear modes can be used for analysis. Moreover, since the universe was less evolved at
those early times, there are more modes that had not yet gone nonlinear. Therefore, in terms of theoretical
modeling, extending the redshift range is a conservative way of making sure we measure as much as we can

Cosmic Visions: Dark Energy

/DESI area

Cosmology with a ~billion spectra
• Measure galaxy power spectrum really, really well 

non-linear scales for z<1.5 
linear scales for 1.5<z<3.25 
power spectrum as function of galaxy type

cosmic visions report

~BOA



Cosmology with a ~billion spectra

• Cosmology parameters from RSD power spectrum 
lots of information left in the sky

5 Projects 21

5.3 21 cm Survey

A new dedicated 21 cm instrument with an optimized antenna array, larger collecting area, and su�cient
frequency coverage could significantly improve on measurements of large scale structure, extending them
to higher redshifts (either before or after the epoch of reionization). It could also probe weak lensing
distortions of fluctuations by structures along the line of sight. None of the currently planned experiments
are looking into this regime, but the likely configuration could be similar to the Canadian Hydrogen Intensity
Mapping Experiment (CHIME) with more collecting area – of order (200m)2 – to obtain higher redshift
(lower frequency) information. Many of the technical issues are in the sweet spot of DOE capabilities and
are outlined in the accompanying Technology document.

5.4 High Resolution Spectroscopy of a Billion Objects

A most ambitious project would be one that obtained high resolution spectra of a large fraction of LSST
objects. Such a Billion Object Apparatus (BOA) would come close to attaining the parameter improvements
depicted in the right panel of Fig. 1 and open up many avenues for new discoveries. Here we outline some
of the requirements, and these form a natural segue to the accompanying Technology document.

The DESI spectrogram will take spectra of 5000 objects using 10 spectrographs with 500 traces each. The
Prime Focus Spectrograph (PFS) instrument is similar and the Maua Kea Spectroscopic explorer is somewhat
more ambitious. Assuming a modest improvement in technology to a 2000 trace-spectrograph taking tens of
thousands each, it seems that tens of thousands of traces simultaneously should be technologically feasible.
An important improvement would be to extend the redshift range into the red using new Ge CCDs. The
spectral resolution requirement should be studied more carefully but likely the current sweet-spot of around
R ⇠ 2000� 4000 should continue to be su�cient.

It is unlikely that the DESI model with robotic fiber positioners will scale to this task. Making mechanical
positioners smaller is di�cult: a solid state solution would be preferable. There are several options available,
all of which would require further R&D. One possibility is to route light around using an image slicer and/or
micromirror arrays. Perhaps the most compelling strategy would be to project thousands of fibers along
the same spectroscopic trace and only let the light pass through selected fibers using microshutters or an
equivalent strategy. This would allow one to fill the focal plane with fibers at packing e�ciency around 50%
and then use dithering algorithms to account for dead space.

As the number density of fibers increases, there will inevitably be fiber positioning ine�ciencies in any system
with a finite spectral trace “patrol radius” (including current DESI and PSF designs). However, large number
of fibers that are not taking object spectra could be used for Lyman-↵ (and other line) intensity mapping of
the IGM. Moreover, even for spectra with objects on them, since the noise is dominated by the sky noise,
their statistical utility after the model for the targeted object is subtracted should be roughly the same (but
there might be subtle systematic e↵ects associated with this procedure).

Cosmic Visions: Dark Energy

6

using theoretical modeling we understand best. As seen in Fig. 1, there is only a factor of three to be
gained from the linear regime by obtaining more objects than DESI at z = 1. However, there will remain
an enormous amount of information lurking at higher redshifts.

Figure 2. Projected improvement (note the log scale) in constraints on parameters of dark energy (the

Figure of Merit is inversely proportional to the allowed region in the w,w0
plane and � parametrizes the

rate at which structure grows); inflation (curvature ⌦k and running ↵); and neutrinos. The blue bar shows

projected improvement over current constraints expected from the Stage IV experiments DESI and LSST,

and the red bar shows improvements over current from a Stage V survey, indicating that there will still be

large potential gains left even after the Stage IV surveys, DESI and LSST. Details: Current constraints vary
depending on which datasets are used. The current constraints used here come from a projection of Planck
and BOSS data and are roughly equivalent to those in the Planck cosmological parameter paper. Projections
for Stage IV assume Planck + DESI + LSST going out to scales k = 0.2 h Mpc�1. The projections for Stage
V assume spectra for LSST galaxies and include information out to k = 0.5 h Mpc�1.

Figure 2 shows the potential of new surveys to discover new physics. We plot improvements in the parameter
constraints going from current constraints to Stage IV dark energy experiments and then beyond to a Stage
V experiment. This hypothetical experiment assumes big, but not irrational, improvements in modeling the
large scale structure in the weakly nonlinear regime, but the projections should be taken not as accurate
forecasts for any of the more concrete proposals that we advocate later in this report, but simply as a
reflection on the amount of information that remains to be mined in the next few decades.

Even after the currently planned surveys finish operating, we can make revolutionary
discoveries with future surveys; one indication of the power of these surveys is the projected
order of magnitude improvements in parameter space.

4 Extracting the Information

Section 3 illustrated that, even after DESI and LSST, there will remain an enormous amount of information
left in the sky. Here we mention a representative subset of the many ideas for how to enhance DESI

Cosmic Visions: Dark Energy

from cosmic visions report 
assumes kmax = 0.5 h/Mpc



Cosmology with a ~billion spectra

• Cosmology parameters from RSD power spectrum 
• Parameter space may evolve with Stage III, Stage IV results 

-> and with theory developments! 
• Requires precise models for BAO scale, galaxy power spectrum to k~0.5 h/Mpc 



Cosmology with a ~billion spectra

• Cosmology parameters from RSD power spectrum 
• Parameter space may evolve with Stage III, Stage IV results 

-> and with theory developments! 
• Requires precise models for BAO scale, galaxy power spectrum to k~0.5 h/Mpc 
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velocities depends primarily on the ratio b
v

/b
1

for the
tracer in question, and thus our results qualitatively hold
for other samples.

Due to nonlinear evolution, the BAO in the dark mat-
ter correlation h�|�i is shifted from its linear position.
To model this, we include the one-loop standard pertur-
bation theory (SPT) contributions to the matter power
spectrum [54]. As can be seen in Fig. 2, these terms lead
to a ⇠ 0.2% shift in the BAO at z = 1.2. We note that
SPT does not provide the ideal model for the evolved
BAO – we leave a more detailed treatment of this e↵ect
for future work. The inclusion of these nonlinear terms
alters the impact of streaming velocities when fitting the
BAO position – nonlinear broadening makes the BAO
feature more sensitive to the shift from streaming veloc-
ities. Note that Ref. [47] modeled the nonlinear matter
power spectrum using Halofit [55], which does not include
nonlinear evolution of the BAO (see their Fig. 3).

Streaming velocity contributions to the correlation
function (including all prefactors) are plotted in the top
panel of Fig. 1. For reasonable bias values, ⇠

�v

2 had been
considered the primary streaming velocity term. The new
advection e↵ect is larger by a factor of ⇠ 5. The bottom
panel of Fig. 1 shows the ELG correlation function with
di↵erent values of b

v

– the impact on both the shape and
position of the BAO feature is apparent.

To quantify the shift of the BAO peak due to relative
velocity e↵ects, we employ a method similar to [3, 47],
fitting the shifted power spectrum to a template with
flexible broadband power – see Appendix B for more de-
tails. Figure 2 shows the BAO shift as a function of b

v

/b
1

,
both including and ignoring contributions from nonlin-
ear galaxy bias and BAO evolution. For positive b

v

/b
1

streaming velocities damp the BAO feature and shift it
to smaller scales. For negative b

v

/b
1

, streaming veloci-
ties enhance and quickly dominate the BAO feature as
|b

v

| increases, leading to a saturation in the e↵ective shift.
Note that we di↵er from Ref. [47] by an overall factor of
2 in the numerical evaluation of O(�4

lin

) terms and find a
correspondingly smaller shift in the BAO position from
the non-advection terms they consider.

IV. CONCLUSIONS

We have examined the impact of streaming velocities
on the tracer correlation function, considering all contri-
butions atO(�4

lin

) and including two terms not considered
in previous work. While we find the correlation of the
tidal field and the streaming velocity to be small, the con-
tribution from advection is significant, dominating the
total e↵ect of streaming velocities on the BAO feature.
The importance of advection is due to the rapid change
in streaming velocity correlations at the BAO scale. For
a simple illustration, consider a single �-function over-
density that has evolved to decoupling (z ⇡ 1020). Dark
matter at all separations infalls towards the overdensity.
Within the acoustic scale, baryons are roughly in hydro-
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FIG. 1: Top panel: All contributions to the correlation func-
tion from streaming velocities up to O(�4lin) are shown at
z = 1.2, with b1 = b2 = bs = 1, and bv = 0.01. The new
advection term (black solid line) is the dominant e↵ect. Bot-
tom panel: The ELG correlation function is shown for fiducial
bias values (b1 = 1.5, b2 = 0.25, bs = �0.14) at z = 1.2 with
di↵erent values of bv. Dashed (dot-dashed) indicates positive
(negative) bv. For reference, the thin solid (grey) line shows
the linear theory prediction.

static equilibrium. Just inside the acoustic scale, baryons
move outward due to radiation pressure, while just out-
side this scale, baryons match the dark matter infall (e.g.
Figure 2 of Ref. [48]). Thus, the streaming velocity, v

bc

,
rapidly changes at the acoustic scale, and advection can
move tracers separated by roughly this scale between re-
gions of di↵erent v

bc

. Indeed, this e↵ect is nearly maxi-
mal, since the first-order displacement is almost entirely
anti-correlated with the relative velocity direction (cor-
relation coe�cient of ⇠ �0.9). The qualitative behavior
expected from this simplified picture can be seen in Fig-
ure 1: at the BAO scale, advection has carried in tracers
that formed at slightly larger scales, where v

bc

is much
smaller. Thus, for positive (negative) b

v

/b
1

the observed
correlation function is suppressed (enhanced). The over-
all e↵ect is to shift the observed BAO feature to smaller
(larger) scales and to suppress (enhance) its amplitude.
The e↵ect of advection boosts the impact of b

v

, dra-
matically increasing the range of parameter space over
which streaming velocities are relevant to large-scale
structure surveys. Conversely, advection makes b

v

signifi-

Linear bias won’t get us there!  
Galaxy biasing complex research area - here’s just one example:

Relative velocity effect 
(Tseliakhovich & Hirata 2010) 

gives rise to galaxy velocity bias 
terms, shifts BAO scale (Dalal

+2010, Yoo+2011,…) 

Blazek+ 2016



Cosmology with a ~billion spectra

• Cosmology parameters from RSD power spectrum 
• Parameter space may evolve with Stage III, Stage IV results 

-> and with theory developments! 
• Requires precise models for BAO scale, galaxy power spectrum to k~0.5 h/Mpc 
• high number density of BOA enables validation of bias models 

precise P(k) measurements beyond k = 0.5 h/Mpc 
P(k) as function of galaxy type 
Bispectrum, and higher-order statistics 



Cosmology with a ~ billion spectra: 
Bispectrum

• Probability of finding three galaxies at 
separation (r,s,t) is given by the two, and three 
point correlation function 

• B(k1,k2) is the Fourier transform of ζ(r,s,t),or in 
terms of density contrast

P3(r, s, t) = n̄3 (1 + ⇠(r) + ⇠(s) + ⇠(t) + ⇣(r, s, t)) dV1dV2dV3

h�(k1)�(k2)�(k3)i = (2⇡)3B(k1,k2)�
D(k1 + k2 + k3)

dV1

dV3

dV2

r

s

t



Cosmology with a ~ billion spectra: 
Bispectrum

• With one billion galaxies, can measure a lot of triangles! 

• S/N per triangle is low, need suitable bins/data compression 

• in cosmic variance limit, cumulative S/N scales as 

• high galaxy density of BOA will enable precision Bispectrum 
measurements, including multi-tracer Bispectra! 

• (S/N in projected Bispectra much lower, need spectra)

S/N(B) / k6
max

P (k
max

) ⇡ k4
max



• A toy model bispectrum

Cosmology with a ~ billion spectra: 
Bispectrum

Primordial non-Gaussianity and galaxy bispectrum 7

Fig. 1.— Visual representations of triangles forming the bispectrum, B(k1, k2, k3), with various combinations of wavenumbers satisfying
k3 ≤ k2 ≤ k1.

Fig. 2.— Shape of the bispectrum, B(k1, k2, k3). Each panel shows the amplitude of the bispectrum as a function of k2/k1 and k3/k1 for a
given k1, with a condition that k3 ≤ k2 ≤ k1 is satisfied. The amplitude is normalized such that it is unity at the point where the bispectrum
takes on the maximum value. For the visual representations of the triangle names such as the squeezed, elongated, folded, isosceles, and
equilateral, see Fig. 1. (Top Left) The bispectrum from the non-linear gravitational evolution, BG

m (Eq. (21)), for k1 = 0.01 h Mpc−1.
(Top Right) BG

m for k1 = 0.05 h Mpc−1. (Bottom Left) The bispectrum from the non-linear galaxy biasing, PR(k1)PR(k2) + (2 cyclic)
(the second term in Eq. (14)), for k1 = 0.01 h Mpc−1. (Bottom Right) PR(k1)PR(k2) + (2 cyclic) for k1 = 0.05 h Mpc−1.

Jeong & Komatsu 2009

non-lin. gravitational evolution

quadratic galaxy biasing

Bg(k1, k2, k3) = b31Bm(k1, k2, k3)

+b21b2 [Pm(k1)Pm(k2) + (2 cyclic)]

+b31 (primordial Bispectrum)

non-lin. gravitational evolution

quadratic galaxy biasing

inflation



Cosmology with a ~ billion spectra: 
Bispectrum

Test galaxy bias models through configuration 
dependence of contributions to galaxy Bispectrum  
• e.g., relative velocity bias (earlier example) 

- Yoo+11, Slepian+15 predicted configuration dependence 
- Slepian+ 2016: bv < 0.01 from CMASS 3pt function  

• BOA Bispectra will constrain Stage V bias models

Figure 3. Scale-dependence of the full galaxy bispectrum for two triangular shapes. Three different components contribute
to the full galaxy bispectrum in eq. (3.10): The nonlinear evolution of the matter density distribution (dot-dashed), the
nonlinear bias (dotted), and the relative velocity effect (dashed). The cubic term in eq. (3.10) is omitted to avoid clutter.
The full galaxy bispectrum is shown as solid lines. The bias parameters b2/b1 = 0.1 and br/b1 = 0.01 are assumed.

with the second-order kernel

F2(ka,kb) =
5

7
+

2

7

(

ka · kb

kakb

)2

+
ka · kb

2

(

1

k2a
+

1

k2b

)

. (3.8)

Along with the nonlinear gravitational evolution in the matter density distribution, we also need to con-
sider nonlinear galaxy bias. Expanding to third order, we model the galaxy fluctuation as

δg(x) = b1 δm(x) +
b2
2

[

δ2m(x)− σ2
m

]

+
b3
3!
δ3m(x) + br

[

u2
r(x) − σ2

ru

]

, (3.9)

where we keep only the linear order term in the relative velocity effect as it is the relic effect of the early
universe and it decays with the expansion factor a, rendering higher-order terms in u2

r(x) negligible at low
redshift. Therefore, the full bispectrum of the galaxy fluctuation in eq. (3.9) is

Bg(ka,kb,kc) = b31 [2Pm(ka)Pm(kb)F2(ka,kb) + cycl.] +
1

2
b21 b2 [Pm(ka)Pm(kb) + cycl.] (3.10)

+b21br [2Pm(ka)Pm(kb)Gu(ka,kb) + cycl.]

+8 b3r

∫

d3q

(2π)3
Pm(|ka + q|)Pm(|kb − q|)Pm(q)Gu(ka + q,kb − q)Gu(ka + q,q)Gu(q,kb − q) ,

where Pm(k) is the linear matter power spectrum. In addition to the relative velocity contributions in eq. (3.3),
the full galaxy bispectrum receives two more contributions from the nonlinear evolution: The first square-
bracket represents the contributions of the nonlinear evolution in the matter density distribution, while the
second square-bracket represents the nonlinear bias contributions described in eq. (3.9).

Figure 3 plots the scale-dependence of the full galaxy bispectrum in eq. (3.10). The left panel dissects
each component of the galaxy bispectrum given an equilateral triangular shape (ka = kb = kc = k, µ = −0.5,
F2 = 0.29). In this and subsequent figures, we assume the nonlinear bias parameter b2/b1 = 0.1 and the
relative velocity bias parameter br/b1 = 0.01 as our fiducial bias parameters for illustration. Two contributions
from the nonlinear bias (dotted) and matter density (dot-dashed) are comparable in amplitude if b2 ≃ b1, and
they are dominant over the relative velocity effect (dashed) on small scales. However, the relative velocity

– 6 –

Yoo, Dalal & Seljak 2011 Slepian & Eisenstein 2015

12 Slepian and Eisenstein

for roughly isosceles triangles with two sides of length ∼ rs.
This can also be seen in the bottom panel fo Figure 7, which
is a trace along the diagonals of the three panels in Figure
8. The relative velocity effect also produces a very modest
decrement for triangles with one side of length ∼ rs and
one side of length ∼ 2rs. The part of ζpc1 due to the usual
(no relative velocity) terms also has acoustic structure, with
an increment for triangles with one or more side of length
∼ rs. Adding the velocity (for bv > 0) and non-velocity
contibutions to ζpc1 together produces a sharp increment
for isosceles triangles with two side lengths ∼ rs, while the
decrement from the relative velocity for triangles with one
side ∼ 2rs is so modest as to be washed out by the no-
velocity contribution.

7 ISOLATING bv FROM THE 3PCF: CYCLIC

SUMMING AND COMPRESSION

In §6, we discussed the effect of the relative velocity on the
3PCF with the simplification that we had chosen to evaluate
v2s , δ

2, and δ(2) at the origin. This corresponds to our know-
ing which galaxy is contributing these terms to the 3PCF; in
practice, we do not know this. Therefore, to give each of the
three galaxies in a given triplet a chance to contribute these
terms, we must cyclically sum the pre-cyclic 3PCF equa-
tion (50) around the triangle specified by r1,r2, and θ12. We
verify our prescription for this sum by calculating the re-
duced 3PCF in a power-law ξ ∝ r−2 case and comparing
with Bernardeau et al. (2002)’s result (their equation (159)
and Figure 10). After cyclically summing, we re-project onto
the basis of Legendre polynomials to find the radial coeffi-
cients for a multipole expansion of our 3PCF (the analog of
equation (51)). These are

ζl (r1, r2) =
2l + 1

2

ˆ 1

−1

dµ12

[

ζpc (r1, r2, µ12) (57)

+ ζpc (r2, r3, µ23) + ζpc (r3, r1, µ31)

]

Pl(µ12),

with µ12 ≡ cos θ12. Note that r3, µ23 and µ31 are all
functions of r1, r2, and µ12, easily found using the law
of cosines. The factor of (2l + 1) /2 is necessary because
´ 1

−1
Pm (µ)Pn (µ) dµ = 2/ (2n+ 1) δmn; that is, the Legen-

dre polynomials are an orthogonal but not orthonormal ba-
sis. Where in the pre-cyclic terms, we only found terms up
to l = 2, cyclically summing introduces higher orders. In-
deed, generically the cyclic sum projects onto an arbitrary
number of Legendre polynomials. We present the first few
modes, split by bias coefficient, in Figure 9.

In Figure 9 we must apply a more complicated weight-
ing than our usual r2 weighting to the 3PCF. The 3PCF
projections become very large in magnitude for isosceles tri-
angles. This is because when µ = 1, the Legendre polyno-
mial being projected onto becomes very large. This heavily
weights squeezed triangles with zero opening angle. When
these triangles are also isosceles, their third side is zero,
causing rapid increase in the functions of side length en-
tering the pre-cyclic terms as these functions go roughly
as r−n, n > 0. These triangles are precisely those we
must exclude, since for one side length ! 20 Mpc we
expect perturbation theory to be invalid. We have there-
fore suppressed the diagonal by multiplying by a Gaussian

Figure 8. The top panel shows the P1 coefficient with bv = 0
(equation (53)). The middle panel shows the total P1 coefficient
with velocity term included. The bottom panel shows the P1 co-
efficient due to bv alone. Note that the relative velocity subtly
enhances the number of triangles with two sides ∼ rs by carefully
comparing the top two panels; this is made clear in the bottom
panel. We have used b1 = 1, b2 = 0.1, bv = 0.01 and weighted by
r21r

2
2/10

4 Mpc4.

c⃝ 0000 RAS, MNRAS 000, 000–000



• High S/N Bispectra may uncover new physics 
• Measuring amplitude of primordial non-Gaussianity templates will 

distinguish between single/multi-field inflation, constrain slow roll 

• Anisotropic non-Gaussianity, search for features -> Cora’s talk 

• Plenty of room, and S/N, for new ideas :)

Cosmology with a ~ billion spectra: 
Bispectrum

Bg(k1, k2, k3) = b31Bm(k1, k2, k3)

+b21b2 [Pm(k1)Pm(k2) + (2 cyclic)]

+b31 (primordial Bispectrum)

non-lin. gravitational evolution

quadratic galaxy biasing

inflation
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�(f equal

NL
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�(foath

NL
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<- driven by scale-dep. bias, z< 1.5

<- driven by high-z coverage

prelim
inary!



Cosmology with a ~ billion spectra: 
Void Cosmology

• Voids enable tests of GR in lowest density environment 

• Finding voids requires high-density spectroscopic galaxy catalog 

• rapidly developing cosmological probe 
• recent measurements of void clustering(Clampitt+2016), velocity 

field around voids (Hamaus+2015,2016), void lensing (Melchior
+2015, Clampitt+2015, Gruen+2016) 

• much recent progress on models+phenomenology, but concrete 
parameter space needs more development  

Figure 8: The left panel shows the lensing shear profiles for voids found in simulations of the Cubic
Galileon model (taken from arXiv:1505.05809). The right panel shows measurements of the lensing
signal associated with voids found in SDSS LRG galaxies (taken from Clampitt&Jain, arXiv:1404.1834).
Although a proper comparison between the left and right panels requires extra modelling, the figure does
help to show that the e↵ects of modified gravity can be quite pronounced and are likely to be in tension
with the data.

not modify the lensing potential ⌃ = 0 in Eqs. (75). Scalar-tensor theories and the DGP model fall in
the above category, and as such, the lensing mass estimates, M

len

, for these models would automatically
be the same as in GR. On the other hand, the velocity dispersion of surrounding galaxies as they fall
towards the clusters would be a↵ected by the modifications to the dynamical potential. Therefore, if one
would interpret these observations assuming GR, then one would infer dynamical masses, M

dyn

, which
are di↵erent from those estimated using lensing. In particular, if the dynamical force gets stronger, then
the M

dyn

estimates would be biased-high, relative to M
len

– that is, one would infer a larger dynamical
mass to compensate for the boosting e↵ects of the fifth force, which are not being taken into account if
we interpret the data assuming GR. A mismatch in the estimates of the lensing and dynamical masses
would therefore be a smoking gun for modified gravity.

This argument is very powerful in theory, but as usual, in practice things tend to get more complicated.
For instance, the above reasoning assumes that the galaxy velocity field that surrounds the clusters is
solely determined by their mass, which is not necessarily true. Moreover, the merit of this test of gravity
becomes less clear when applied to models that also modify the lensing potential, in which case both
M

dyn

and M
len

can be di↵erent than in GR, but consistent with each other. Nevertheless, despite some
complications, the ”smoking-gun” nature of this test warrants keeping it in mind.

• Void properties: explore weak screening e↵ects
A number of recent observational e↵orts have been able to detect the lensing signal associated with

voids 5. These types of measurements are naturally interesting in a broad context of large scale structure
studies, but acquire particular relevance when it comes to testing modified gravity models. The reason for
this can be traced back to what we learned already about screening mechanisms: in high density regions,
the e↵ects of modified gravity get suppressed; but in low-density regions they do not. This therefore
warrants trying to design ways to test gravity using void properties, in particular their lensing profiles.

Modified gravity e↵ects can change the lensing signal in two main ways. First, the modifications to
the dynamical potential lead to di↵erent void density profiles, making them deeper in the center and
denser at the surrounding matter ridges. Second, in case the lensing potential is also modified (⌃ 6= 0 in

5

The reason why this took so long is mostly due to the fact that the void lensing signal is very weak, compared to that

of clusters for instance. All measurements done to data involved stacking methods to increase the signal-to-noise ratio.
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Barreira+2015 Clampitt+2015
Hamaus+2015

Void Clustering in SDSS 3

Void Tracer Properties of SDSS LRGs and Simulation Halos

sample name dataset density inter-particle spacing halo mass threshold halo bias

Data SDSS 1⇥ 10�4 (Mpc/h)�3 21.5 Mpc/h - 2.1
Matched HR simulation 1⇥ 10�4 (Mpc/h)�3 21.5 Mpc/h 1.3⇥ 1013M�/h 2.1
Sparse HR simulation 1⇥ 10�4 (Mpc/h)�3 21.5 Mpc/h 2.1⇥ 1013M�/h 1.8
Medium HR simulation 2⇥ 10�4 (Mpc/h)�3 17.1 Mpc/h 1.3⇥ 1013M�/h 2.1
Dense HR simulation 4⇥ 10�4 (Mpc/h)�3 13.5 Mpc/h 0.7⇥ 1013M�/h 2.4

Table 1. Description of the SDSS galaxies and HR simulated halos used to define voids. The halo mass threshold of the mock samples
indicates the minimum halo mass included. The Matched sample of simulated halos is our primary sample for comparison to the Data.

Figure 1. Void-void clustering ⇠
vv

using both Data (black circles) and Matched mock catalogs (green triangles). The data and mocks
give qualitatively consistent results outside twice the void radius 2 r

e↵

(vertical dotted line). There is a visible decrease in clustering
amplitude as void radius increases (left to right panels). As in galaxy-galaxy clustering, ⇠

vv

can be written as the product of the matter-
matter correlation function with the square of the void bias. The predicted ⇠

vv

with the best-fit values of the linear bias (see Fig. 4) from
data (solid line) and mocks (dashed) are shown. The consistency with linear bias supports the symmetric relationship between galaxies
and clusters, which form from peaks in the primordial matter field, and voids, formed from troughs.

r
e↵

= 15 � 20 Mpc/h bin is slightly larger than 5�, corre-
sponding to a p-value ⇠ 2 ⇥ 10�7. For the 20 � 25 Mpc/h
bin we obtain a 3� measurement, corresponding to a p-value
0.0014. The largest radius voids are fewest in number, lead-
ing to a measurement consistent with both the null hypoth-
esis and the simulations.

The data is strong enough to discern a decrease in the
correlation strength with void size, and the mocks show this
trend even more clearly. In § 3.3 we comment more on these
trends, and quantify the variation further with fits to the
void bias b

v

. In Fig. 1 we also plot our best fit model of the
void-void correlation, ⇠

vv

= b2
v

⇠
mm

for both data and mocks.
These theoretical curves match the measurement very well,
as expected if voids are biased tracers of the dark matter
density field. In addition to comparing this single-parameter
model to the data, it is useful to directly compare the data
to the Matched sample of simulated voids. The reduced chi-
square (using radial bins 2r

e↵

< r < 200 Mpc/h) is 8/6, 4/5,
and 2/5 for the three size bins, all acceptable fits. However,
the more sensitive likelihood ratio test shows tension at the
1 to 2� level for the 15�20 Mpc/h and 20�25 Mpc/h bins.
Although this tension is relatively small, it may be point-
ing to a slight mismatch between our Data and Matched
simulation samples (see Sec. 4 for further discussion).

3.2 Void-galaxy clustering

The void-galaxy clustering measurement, ⇠
vg

, is shown in
Fig. 2. Due to the much larger number of galaxies com-
pared to voids (⇠ 10 times more), the signal to noise (S/N)
is much higher in this measurement compared to the auto-
correlation. It thus yields more precise values for void bias
(see § 3.3). We plot our best fit model, ⇠

vg

= b
v

b
g

⇠
mm

for
both data and mocks. The galaxy bias, defined as b

g

=p
⇠
gg

/⇠
mm

, is b
g

= 2.1 for the Data LRGs, and b
g

= 2.1
for our Matched halo sample. As with ⇠

vv

, the goodness-of-
fit of the simulation model is acceptable for all three void
radius bins: in order of increasing void size the reduced �2

is 4/6, 6/5, and 7/5. The tension between mocks and data
in ⇠

vv

based on the likelihood ratio statistic is not present
in the measurement of ⇠

vg

. In all three r
e↵

bins, mocks and
data are consistent within ⇠ 1� using the likelihood ratio
test (see Sec. 3.1 for details).

In Fig. 3 we show the entire range of the void-galaxy
clustering measurement: (i) the innermost scales r < r

e↵

/2
where ⇠

vg

= �1 by definition, (ii) the void profile regime
between r

e↵

/2 and 2r
e↵

, and (iii) the linear regime r > 2r
e↵

(the subject of Fig. 2). Regarding (i), we note simply that
both the data and mock measurements are indeed equal to -
1 at small scales, a reassuring check of the measurement and
random point catalogs. The void profile in (ii) shows more
structure: the smallest voids display a clear positive bump
which becomes less prominent as void size r

e↵

increases,

c� 0000 RAS, MNRAS 000, 000–000

Clampitt+2016



Cosmology with a ~ billion spectra

• Parameters from Galaxy Power Spectrum 
lots of information left in the power spectrum 
need to understand galaxies really, really well 

• Bispectrum, and higher-order statistics 
galaxy bias, new physics 

• Tests of GR, enabled by high galaxy density 
• void cosmology 
• screening tests -> Phil Bull’s (morning) talk

Theorists, please join the spectroscopy discussion 


