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Golden age of (cosmological) surveys

● DESI is nearly finished its 1st survey 
and has started the “extension”.

● Subaru-PFS surveys have started.
● Euclid is observing at L2.
● South Pole Observatory running.
● Simons Observatory is running (Adv 

SO is approved).
● SPHEREx is in orbit & releasing data.

Each is powerful in its own right, 
together they will be amazing …

 

● LSST will be surveying very soon.
● Roman will launch this year.
● … and others waiting in the wings ...

We are now well into the era of “multiple” large cosmology surveys.
Moving forward we anticipate that much of the best science will come from combining 
observations across surveys, so we need to learn how to do this well …



Cosmological tensions

● Have lots of data & more on the way!
● Need controlled, systematic methods.
● What techniques, and datasets will give 

the most robust (not most precise) 
results?

● Cosmology’s foundation is physics 
beyond the standard model!

● Ingredients are strange enough 
that they are likely approximations 
to the true physics.

● Stress testing the model is a major 
priority.

● Cracks are starting to appear, but 
only as we approach %-level 
precision.

● Questions about data, models, 
single-point failures, …



Outline

● Introduction
● Structure formation with 3 probes

○ Redshift-space galaxy clustering (2pt and 3pt analyses, BAO + full-shape).
○ +CMB lensing (hybrid modeling, new simulations).
○ +Cosmic shear (baryons, steel sample and EFT ideas).

● Conclusions

Redshift surveys
(DESI)

CMB lensing
(Planck+ACT)

Cosmic Shear
(LSST)



Galaxy redshift surveys
(3D clustering of galaxies in redshift space)



New data, new codes
● For DESI we did a complete overhaul of all of 

our “modeling” codes, trying to catch up with 
~1 decade of development since the original 
BOSS/eBOSS pipelines were developed.

● New ways of doing baryon acoustic oscillation 
(BAO) reconstruction
○ To “undo” the large-scale tidal fields that 

broaden the BAO peak and reduce the 
precision of our distance measurements.

● New models for the BAO and new models for 
the “full shape” of the power spectrum
○ The galaxy power spectrum without applying 

reconstruction, but using all of the “shape” and 
not just the BAO feature.

● Plus a ton of other “data” improvements …

DESI DR2



Perturbation Theory for the “Modern” Era

● For modern galaxy redshift surveys, the tool of choice is cosmological 
perturbation theory (PT; a.k.a. EFT or EFTofLSS).

● New surveys like DESI and Euclid make PT more relevant than ever:
○ Compared to past surveys, we are now probing higher z and larger V.
○ More perturbative, large-scale modes at higher precision!

● Controlled functions of the ICs and bkgnd evolution for almost linear modes
○ Slight corrections to linear are important at the current level(s) of accuracy!
○ PT corrections + bias expansion are general and rigorous ⇒ systematic 

method.
○ Easy to include additional effects (primordial features, baryons etc.)

See M.Ivanov
“Effective field theory for 
large-scale structure”!



Perturbation Theory for the “Modern” Era
● For “standard” models, assuming

○ Nearly Gaussian initial conditions.
○ Structure forms through gravitational instability with weakly interacting DM.
○ Galaxy formation is a local process.

● can systematically compute predictions for observables on large scales.
○ Write equations with linear terms on lhs and non-linear terms on rhs.
○ Find Green’s function for linear problem (setting rhs=0).
○ Plug linear solutions into non-linear terms (rhs) in equations and integrate.
○ Plug second order solution into non-linear terms (rhs) and integrate.
○ etc.
○ Deal with (“integrate out”) non-linear modes using counter terms.
○ Deal with bulk flows using “IR resummation”.

● As long as these assumptions are correct, model will be “unique”, reliable 
and accurate.

See M.Ivanov
“Effective field theory for 
large-scale structure”!



● Can systematically compute predictions for observables on large scales.
○ Techniques very “standard” and familiar from other fields – particle physics, 

condensed matter physics, atomic physics, fluid mechanics, …
○ Path integrals, generating functions, cutoffs, EFT, RG flows, etc.
○ Diagrammatic expansions: tree level, 1-loop, …

Perturbation Theory for the “Modern” Era
See M.Ivanov
“Effective field theory for 
large-scale structure”!

P(k) contribution 
from 2nd order 

density (squared)



Perturbation Theory for the “Modern” Era

● Theory is largely understood, and basic calculations for �÷CDM, w0wa, M�Ù, … 
have been worked out.

● Have developed codes (and emulators) for accurate and fast PT computations
○ Within LPT and EPT, Fourier and configuration space, real- and 

redshift-space, pre- and post-reconstruction … with consistent set of 
parameters.

○ Extensive validation against simulations and blind challenges.
○ Have been used for BOSS & DESI (DR1).

● Outstanding challenge(s) involve careful choice of parameters to reduce 
parameter projection effects in high-dimensional inference and clever choice of 
priors.  Practicalities of higher-order functions, …

See M.Ivanov
“Effective field theory for 
large-scale structure”!

Reliable & accurate ✓
Optimal …               ?



DESI DR2

So far we have only released cosmology constraints from Baryon 
Acoustic Oscillations (BAO) from DESI DR2 … what comes next?

The data and analyses aren’t public yet, but I can give 
you a flavor of some of the methodological advances 
we’ve included and some idea of what to expect …

The next public data release from 
DESI will be DR2, in early 2027 …



FullShape+BAO

Projection effects, from nuisance 
parameter marginalization in 
high-dimensional inference, <⅓ �¥ 
for both �I CDM and models with 
evolving dark energy (w0wa).

This is without needing external 
priors or constraints from primary 
CMB, lensing, SNe, …

Maus+26b



Mock tests: LRG3
Unbiased constraints on mock catalogs 
matched to the observed DESI 
clustering, that include evolution of the 
samples, observational artifacts, etc. 
(here for the z~1 luminous red galaxy 
[LRG] sample).

Here we fit BAO from all of the samples 
(to constrain geometry) and the full 
shape of the power spectrum for this 
single redshift slice (to test for per-tracer 
reliability).

Maus+26b



Fully analytic covariance: including 
pre-/post-reconstruction (P+�N)

Comparison of fits to mock DESI DR1 
data (full-shape plus post-reconstruction 
BAO) using an analytic model for the 
pre-post covariance (orange) or a 
mock-based Monte Carlo estimate (blue) 
that includes all of the observational 
artifacts.

The contours are essentially 
indistinguishable!

Allows fully analytic covariances, or 
“denoising” Monte-Carlo covariances …

Maus+26a



CMB lensing cross-correlation
(smaller scale projected clustering)

Cosmology from clustering + CMB�b 
x-correlations is a KP for DR2.



DR2 footprint

DESI DR2 increases the 
completeness and the 
footprint where we have 
spectroscopic information – 
though much of that is in 
the “north” where we don’t 
have as much overlap with 
CMB lensing and cosmic 
shear.

We therefore use also
photometric BGS and LRG 
“targets” in the south.



Galaxy samples used

All  samples have 
photo-z’s and dN/dz 
trained with millions of 
DESI spectra having 
99% completeness!

Rebinned the 
photometric samples 
to match the 
spectroscopic dN/dz.



Hybrid modeling
● With 3D surveys have “plenty” of modes at low-k and excellent scale 

separation.
● Not as true for 2D surveys, where limited number of modes and 

angular-physical scale mixing from broad dN/dz complicate things.
● The technique of choice is “hybrid effective field theory” (HEFT)

○ The evolution of DM under gravity is a well posed numerical problem – we can 
simulate non-linear gravitational evolution.

○ The complexities of galaxy formation and feedback have proven resistant to 
numerics.

○ While the process that form and shape galaxies and other objects are complex, all 
such objects arise from simple initial conditions acted upon by physical laws which 
obey well-known symmetries – use EFT to describe “baryons” or “galaxies”.

What about the model?



Hybrid Effective Field theory (HEFT)
● Assume the probability that a DM particle in the simulation or Universe will 

end up in a halo (or galaxy, or QSO, or …) is a function of the initial 
density and gravitational potential field.
○ Simplest example: galaxies form from peaks in initial field.
○ Press-Schechter, BBKS, peaks bias, ...

● We assume this function is local, over some radius R ~ Mpc.
● Further assume we can Taylor expand this function for small �\ (in the ICs).
● Just need to weight each particle by a linear function of �\, �\2, … and 

advect it to its final position using the N-body simulation.
● Can produce predictions for any n-point function from combinations of the 

weighted fields multiplied together.



Validation on mock catalogs
Bartlett+26



HEFT
● This is now a fairly common technique!

○ Modi+19; Kokron+21; Hadzhiyska+21; Maion+22; Zennaro+22, 23; Pellejero 
Ibanez+22, 23; Nicola+23; DeRose+23; Shiferaw+24; Zhou+25, Bartlett+26; …

○ Has been generalized to 3D clustering by Pellejero Ibanez+24.
● Being used by many surveys (DESI, DES, Euclid, LSST, CSST, …).

○ Can systematically extend the model from linear, to quadratic, to cubic, 
etc. bias.  

● It comes with one drawback: because we’ve replaced pencil-and-paper 
calculation with numerical simulation we need simulation predictions at 
each cosmology of interest.
○ Note we don’t need to interpolate over “galaxy formation” as this is 

handled analytically for us by the bias expansion.
● This can become expensive if tricks aren’t employed …



Hybrid emulators and PM simulations
Note: no halo finding or subhalo tracking, no need to resolve inner DM 

profiles, …, cheaper simulations per cosmology!
Use of analytic “control variates” techniques drastically reduce sample 

variance and the required number of sims per cosmology.
Can easily run hundreds of cosmologies!

Nmesh1/3 Runtime (sec)

256 23

512 31

1024 79

Running on an Nvidia A100 GPU

Bartlett+in prep.

(also looking at other codes)



Higher order bias

The bias expansion 
can be systematically 
extended, order by 
order (here for a halo 
sample from a 
simulation).

Including higher order 
bias improves the fit, 
especially at high k, 
but adds more 
parameters.

Bartlett+26



Degeneracies
Unless we have informative priors on bias parameters (galaxy formation), most 
information on cosmological parameters comes from large scales.

Inspired by Chen+22, Bartlett+26; similar 
conclusions for shear in Robertson+26.



Cosmic shear
(baryons, IA, …, new samples)



What about cosmic shear?

● The CMB is not the only thing that is lensed by large-scale structure along the 
line of sight!
○ Light from galaxies is lensed, “shearing” the observed shapes.

● Euclid, LSST, … are going to revolutionize the study of cosmic shear by giving 
us wide-area, deep cosmic shear surveys.

● We have been building up a shear modeling pipeline that differs from those 
prevalent in the “shear community”, and re-examining many of the 
choices/assumptions in those workflows (from an “LSS perspective”).

● Some of this constraining power depends on astrophysical assumptions. Lots 
of potential to mitigate these assumptions with new modeling techniques and 
spectroscopy.



More to model

● When modeling cosmic shear we need to worry about several new issues that 
don’t arise with spectroscopic surveys or CMB lensing.
○ Measuring shapes of galaxies.
○ Baryonic effects on small scales.
○ Intrinsic alignments of galaxies.
○ Photometric redshifts.

● Let’s take a look at some of these …



Baryons and feedback
● Recent results from tSZ, kSZ and X-ray have suggested that baryonic 

feedback has a larger impact on small-scale matter clustering than earlier 
generations of hydro simulations “predicted”.

● However the situation is confusing, with different observations naively 
appearing to be in conflict.

● The inability of existing schemes to simultaneously fit multiple observations 
suggests that the problem is not just parameter settings, but rather the 
manner in which cooling or energy injection is being handled by current 
sub-grid models (and probably at least some of the observations!).

● Since we want to analyze shear data “now”, how to handle this has become 
pressing …

Hadzhiyska+25, Ried Guachalla+25, Efstathiou&McCarthy25, Pandey+25, 
Siegel+25, Broxterman+25, Bigwood+25, Liu+25, Wayland+25, Eckert+26, 

Ramachandra+26, McDonald+26, Robertson+26, …

What’s easy?  What’s hard?



“Baryons”: easy to parameterize! 
The “Jeans argument”

requires that fractional corrections 
to P(k) behave as 1-(k cs)^2 at 
low k.

Symmetries require the expansion 
be in even powers of k, with some 
characteristic scale Rb~1Mpc/h 
and coefficients of O(1).

Interestingly only 1 new 
parameter is required to 
k~1h/Mpc.

Chen+24, Bartlett+26



Limits cosmological information from small scales

Imagine expanding our baryon model as a Taylor series about some fiducial:

where a2, a4~O(1).  Marginalizing over a2 and a4 is the same as increasing the P 
errors by the quadrature sum of �¥(a2)(k.Rb)2, �¥(a4)(k.Rb)4, etc.

When kR~1, this series extends indefinitely and completely dominates over the 
observational errors.

Thus we anticipate that scales at or past k~1h/Mpc will not give strong constraints 
on cosmological parameters in the absence of excellent, detailed, reliable 
understanding of baryonic feedback …

Without strong priors on these parameters – that you are very sure of – 
marginalization drastically reduces the utility of small-scale measurements!



Hard(er) to connect to small-scale observables.
● So need priors from “external” data …
● The question is how to connect the amount of P(k) suppression to something 

like gas fractions, or kSZ profiles, or X-ray scaling relations, etc.
● Probably the “right” way to do this is to use simulations to provide priors on 

the size and evolution of the suppression e.g. the c1 and c2 of that Padé 
approximant (even if simulations are untrustworthy?).

● Then data can over-rule the prior, and you can check for prior sensitivity.
○ Imposing the suppression at the level of the model is equivalent to a �–-function 

prior in this language.  The fit can never probe other forms!
○ If we start only with “symmetry constraints”, then any form can be chosen by the 

data, and the prior tells the fit which to choose if the data has no preference.
● Working this out in detail remains to be done …



Optimizing the sample(s)?

● Uncertainties in baryonic feedback and scale-dependent bias limit our 
ability to extract cosmological information from measurements at small 
scales.
○ This may be a blessing and not a curse!

● Errors associated with intrinsic alignments or calibration of dN/dz through 
photometric redshifts can quickly dominate over statistical uncertainties.
○ Reduce the combination of statistical and systematic error!

● The shape of the power spectrum implies the SNR per mode is higher on 
quasi-linear scales than on very small scales.

● Euclid and LSST will deliver wide areas of sky, measuring large scales well.



Implications: scales

● More of our constraining power comes 
from low k than a simple mode 
counting argument would suggest.

● If our cosmological information comes 
primarily from larger scales, which are 
closer to sample variance limited, then 
we lose little information by working 
with lower source, lens, or galaxy 
number densities.



Gains saturate quickly

DeRose+26

With some careful choices …



What to do?

This has implications for the “optimal” source and lens samples, best 
scale cuts, analysis choices, etc.

Let’s talk about the samples …



DESI lenses: all that you need

● For lenses we can use the DESI bright galaxy sample (BGS) and luminous 
red galaxies (LRG), covering 0.1 < z < 1.1, selected over the full imaging 
area, i.e. 18,000 square degrees.

● These samples have 99% spectroscopic completeness and are 
spectroscopically calibrated over the full DESI footprint, leading to negligible 
sample variance.

● Have narrow dN/dz with negligible tails – very valuable!
● Well-calibrated imaging and angular clustering can be cross-checked against 

full 3D clustering.
● High enough number density that shotnoise is a subdominant contribution to 

the error bar for all scales we consider (we’re doing LGE as part of next DR).

Zhou+23, Chen+24



Galaxy samples used

All  samples have photo-z’s and 
dN/dz trained with millions of DESI 
spectra having 99% completeness!

Have released 6 “half-sky” photometric 
samples designed for cross-correlation.

Zhou+23, Chen+24



Sources: “steel sample”

● Requirements on source number density are relaxed (by quite a bit).
● One of the huge advantages of cosmic shear is that the shape of the galaxy is 

the “signal”, not its presence or absence ⇒ can “cherry pick” your sample.
○ Use deeper imaging to sculpt the source selection, not just get more objects. 

● Requirements on “uniformity” of source sample are relaxed, c.f. lenses.
● DESI is really good at measuring redshifts of some types of galaxies.

A “steel” sample, optimized for lensing, with high-completeness spectroscopic 
selection, for “systematics hardened” analyses which retain as much statistical 
power as possible.                                                  deRose+26, Weaverdyck+(in prep)



Redshift-ability

Some galaxies can be very 
efficiently redshifted with DESI, 
but not all.

There’s a half of the i<24 
galaxies that we can reliably 
redshift in ~2hr.

To redshift 90% of i<25.3 
galaxies, requires ~750 “dark 
hours” or (much) more than a 
year of DESI time per field (and 
wouldn’t be good enough!).

Isolate these in 
color space.

Weaverdyck+in prep.



Steel sample
The name comes from “Steel manning an argument”, and is meant as a play on the “gold 
sample” defined by the LSST DESC collaboration.



Brighter=more controlled
Narrow dN/dz with limited tails yield numerous advantages for shear science.  Use 

deeper imaging to sculpt the source selection, not just get more objects. 



Sources: steel sample
Our answer to “what samples would optimize science if we have DESI and use the 2026 way 
to analyze cosmic shear?”

DeRose+26



Other “new” developments
● Harmonic space analysis with “narrow”, spectroscopically calibrated lens bins 

for control of scales.
● Use of “direct” spherical harmonic transforms and x-spectrum reweighting to 

match effective redshifts.
● Hybrid effective field theory (and a NN emulator), with Padé model for baryonic 

effects.  Include w0wa and M�Ù with more and better simulations.
● Theoretically self-consistent IA model valid on relevant scales.

○ Chen & Kokron (2024) – though z-dependence is a bigger deal than k-dependence
● New “EFT” method for small-scale marginalization (c.f. pnt src marginalization).

Cross-fertilization of ideas from LSS, CMB and lensing 
communities – “methodological systematics mitigation”.



Conclusions
● The era of multi-survey cosmology is upon us!
● Some of our best constraints and most puzzling tensions come from 

combining experiments.
● Presented “case studies” in modeling combinations of experiments, using 

precursors to the most powerful datasets we’re likely to have in the next 
decade.
○ I had to leave out a lot of other possibilities, just due to time.

● We are using a mix of data, simulations and theory, aiming at robustness over 
raw precision.

● A lot of this work is still in its infancy – we have almost certainly not hit upon 
the “optimal” way to put all of this together …



The End



Not in this talk, but “happy to discuss”

● DESI & evolving dark energy
○ Or SNe systematics,
○ Or CMB foreground modeling,
○ Or Thomson optical depth (process of reionization),
○ Or spatial curvature, …
○ and what future observations could help us distinguish …

● Higher-order functions and marked spectra.
● Science (or problems!) with high-z galaxies

○ Ongoing Intermediate band imaging survey (IBIS): covering ~5K sq.deg. in 5 
medium band (250Å) filters spanning g band, to 25.0/25.6 AB mag.

○ Plans for DESI-2.
● … I would love to chat about any of this!


