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Vera C Rubin Observatory
LSST (Legacy Survey of Space and Time)

Wide … Fast … Deep



Rubin Observatory / LSST
✦ Op#cal telescope 8.4 m diameter 

✦ Wide-field camera : 3.5°, 3.2 Gpixels 

✦ 6 wide-band filters u g r i z y 

✦ Galaxies: rlim=27.5 aHer 10 year coadd. 

✦ Final catalogue: 1010 galaxies, 1010 stars 

✦ Final database 15 PetaBytes 

✦ Weak lensing up to z ~ 3 

✦ 2,500,000 SNIa up to z ~ 1  

✦ BAO: 3.109 galaxies up to z ~ 3 

✦ Transients with alerts (2.106/night) 

✦ See LSST science-book in h[p://www.lsst.org http://www.lsst.org/ 

M2 Mirror
Camera

M1M3 primary 
& Tertiary mirrors

• Points to new positions in the sky 
every 39 seconds (average) 

• Tracks during exposures and slews 
3.5° to adjacent fields in ~ 4 s 

http://www.nsf.gov/mps/ast/detf.jsp
https://www.lsst.org


Vera Rubin Telescope 
Compact telescope  

3 mirror + camera entrance lens  
With M1-M3 on the same substrate 

Very large field of view 



VRO at Cerro Pachon, in Chile
CTIO



VRO at Cerro Pachon, in Chile

CTIO



VRO

Gemini south

© Vera Rubin Observatory 

Drone view (2021)

AuxTel

https://rubin.canto.com/v/gallery/album/HDSNU?display=curatedView&viewIndex=2&gSortingForward=false&gOrderProp=uploadDate&from=thumbnail&column=image&id=oljgmllhsl1of91s86957eau71


Jan07 Jan08 Jan09 Jan10 Jan11 Jan12 Jan13 Jan14 Jan15

Electronic R&D : 

Filter exchange system / Carrousel

Computing : DC2013, Spark R&D …

Jan16

ASPIC/CABAC CCD's 

LSST 1st Astro2010 DOE-Camera-CD1 NSF-MRI-funding 

Jan17 Jan18 Jan19 Jan20 Jan21 Jan22 Jan23 Jan25 Jan30

Verification survey
~ 2024 

2025 - 2035 Survey

Covid shutdownElectronic CCD's

Filter exchange system / Carrousel

Calibration : CCOB  - Atmosphere …

1500 ASPIC-delivered ComCam 
on TMA

Rubin / LSST development history  
(A French biased view - boxes : French contributions) 

First 3200Mpix Image
First AuxTel 

spectrograph Image

Calibration … AuxTel/HoloSpec , StarDice …

Computing : R&D (QServ, ...) ,   Fink broker , DRP

M1-M3 on mountain
TMA balancing 

in Spain

DOE-Camera-CD3

TMA completion

M1-M3 mirror

Check Rubin/LSST project site : 
https://project.lsst.org/blogs/lsstpo#

https://www.lsst.org
https://project.lsst.org/blogs/lsstpo#


❖ End of 1990's : LSST concept and initial design 
❖ 2007: French LSST consortium created by three IN2P3 labs: LAL, LPNHE & APC 
❖ 2007 : Start of R&D in electronics (camera readout system) in France  
❖ Aug. 2010 : LSST ranked first in the US Astro2020 decadal survey - https://www.lsst.org/sites/default/

files/docs/NAS_pr_8-10.pdf

❖ April 2014 : LSST NSF-MRI funding / official construction started - https://www.lsst.org/enews/issue/
volume-7-number-3

❖ 2010 : start of work on the filter exchange system in France  
❖ 2012- : Start of LSST-computing activities in France
❖ 2015 : Calibration and impact of atmosphere 
❖ 2017 : Holospec , holographic disperser for AuxTel, Sparc R&D
❖ 2019 : Fink broker initiative 

Rubin / LSST development history (a French biased view) 

https://hal.science/hal-03838583/document

 
 

 
 

 
 

 
Figure 5. The Autochanger and Carousel mounted on the Camera Body in the SLAC clean room. A fake filter is on the 
Carousel in the Standby position. Another fake filter is housed in the Loader.  

Fully-automated procedures are also defined to insert or remove a filter from the camera with the Loader. To insert a 
filter into an empty slot on the Carousel, the empty Autochanger grabs the filter from the Loader at the Hand-off 
position, the Loader releases it and withdraws, and the Autochanger finally stores the filter in the empty Carousel socket 
at Standby position. Unloading a filter from the camera is the reverse procedure. 

3.2 Safety System  

The goal of the Safety System is to ensure that the filters are never dropped by the FES during operation, and to avoid 
collisions between filters. This focus on the safety of the filters means that there are some cases when operations that are 
dangerous for the system itself are not forbidden by the Safety System. For instance, if both the Autochanger and the 
Carousel are holding the filter at standby, the carriage of the Autochanger is allowed to move by the Safety System. It is 
up to the FCS to check those conditions, to prevent potential damage to the FES hardware. 

Each of the three hardware subsystems has its own LPM, which is a PLC (Programmable Logic Controller). These PLCs 
acquire sensor data, process it to compute the system states that are used in the safety equations, and take the system 
states from the other subsystems into account to allow or veto actions. This is done by actioning relays that cut the ‘dirty’ 
power supply to the motor controllers if an action is forbidden, preventing the motors from moving, and the brakes from 
releasing.  

Each PLC communicates with the other modules of the subsystem on its own CAN network, separately from the CAN 
buses common to the HCU and non-safety modules. The PLCs also have an interface towards the HCU, but they can 
only be queried to read the system states and sensor data, not sent commands or re-programmed. Communicating system 
states between PLCs, which is critical for safe operations, is done through dedicated lines, where each signal is paired 
with its opposite. 

Autochanger/carrousel mounted on the camera body

2nd version of the ASPIC chip, ASPIC4 for the LSST-Cam readout

https://www.lsst.org/sites/default/files/docs/NAS_pr_8-10.pdf
https://www.lsst.org/sites/default/files/docs/NAS_pr_8-10.pdf
https://www.lsst.org/enews/issue/volume-7-number-3
https://www.lsst.org/enews/issue/volume-7-number-3
https://hal.science/hal-03838583/document


VRO : telescope & dome view 

© Vera Rubin Observatory 

Rubin Dome fly over - February 2023 (video) 

https://rubin.canto.com/v/gallery/album/HDSNU?display=curatedView&viewIndex=2&gSortingForward=false&gOrderProp=uploadDate&from=thumbnail&column=image&id=3jhaht4beh6aha6eiplkb5us6o
https://rubinobservatory.org/news/dome-fly-around-2


1.65 m
5’-5”

Y4-Band out atm.

λ (nm)

Transmissi
on Camera

1 m

3X3 
CCD 

“RAFT”

A raft 
3x3 CCD

144 MPixels

189 Science CCD    
   4000 X 4000 10µm pixels 

Segmented CCD 
16 segments of 1M 

pixels 

• 3.2 Gigapixels
• 0.2 arcsec pixels
• 9.6 square degree FOV
• 2 second readout
• 6 filters
• 1.65mx3.7m, 3000 kg



LSST  
camera

9th raft inserted 
 September 2019 

 SLAC 

https://gallery.lsst.org/bp/#/folder/4623904/96430125


Camera L1-lens

© Vera Rubin Observatory 

First 3200 Pixel  
LSST-Cam image. 

© Vera Rubin Observatory & SLAC

© Vera Rubin Observatory & SLAC

https://rubin.canto.com/v/gallery/album/HDSNU?display=curatedView&viewIndex=2&gSortingForward=false&gOrderProp=uploadDate&from=thumbnail&column=image&id=8ap6e7hb2559f5tg28i8934h5c
https://project.lsst.org/blogs/lsstpo?page=3
https://www.slac.stanford.edu/~tonyj/osd/public/vera_rubin-2.html


LSST survey 



–Johnny Appleseed

median maximum gap (in days) in 
observations near SN light curve peak

 « 4D » object mapping (stars, galaxies...) of 
18,000 sq. deg. to an uniform depth (>25 in i-
band magnitude 
 - (α,δ) positions on the sky

- Photometric redshifts z
- Time variations

-> SN, lensing, AGN…

Other survey modes
~10% of time  ~1h/night  
Very Deep + fast time 
domain + special zones 
(ecliptic, galactic plane, 
Magellanic clouds)

LSST “mission”



❖ Main survey : uniform multi-band survey of a large fraction of the sky (Wide 
Fast Deep survey WFD), about 18000 sq.deg 

❖ Deep Drilling Fields (DDF) : Cosmos, XMM-LSS, Chandra W-CDF-S …

❖ Microsurveys (less than 3% of the time) : Microlensing (high cadence in SMC, 
bulge w/ Roman) , Virgo cluster local groups …

❖ ToO : Target of opportunity 

❖ Rolling search cadence (optimisation for SN detection and light-curve 
measurement)

Observing strategy (I)

Survey cadence optimisation 
recommendations

arXiv:2206.06432

Survey Cadence Optimization Committee’s Phase 2 Recommendations | PSTN-055 | Latest Revision

Figure 4: Number of visits per field in three different OpSim simulations (colors saturated at
1,200 visits): baseline_v2.1 (top left); a simulation reproducing a TVS and SMWLV proposal
for a prioritized Galactic Plane coverage, see footnote 23, (top right), and the footprint plan
for the baseline simulation presented in this report (bottom).

Figure 5: As Figure 4 in a Galactic Plane projection for baseline_v2.2 (same footprint as base-
line_v2.1 left) and for the current baseline (right).

16

LSST sky coverage in Equatorial 
coordinates (number of visits)

https://pstn-055.lsst.io
https://arxiv.org/pdf/2206.06432.pdf


Observing strategy (II)

Survey Cadence Optimization Committee’s Phase 2 Recommendations | PSTN-055 | Latest Revision

Figure 4: Number of visits per field in three different OpSim simulations (colors saturated at
1,200 visits): baseline_v2.1 (top left); a simulation reproducing a TVS and SMWLV proposal
for a prioritized Galactic Plane coverage, see footnote 23, (top right), and the footprint plan
for the baseline simulation presented in this report (bottom).

Figure 5: As Figure 4 in a Galactic Plane projection for baseline_v2.2 (same footprint as base-
line_v2.1 left) and for the current baseline (right).
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Survey cadence optimisation 
recommendations

Survey Cadence Optimization Committee’s Phase 2 Recommendations | PSTN-055 | Latest Revision

Figure 1: Radar plots comparing baseline_v3.0with earlier baseline simulations (top) and the
v2.99 simulations released starting on October 24th, 2022 with baseline_v3.0 (bottom) . The
majority of the metrics considered display improvements compared with earlier baseline
simulations. The improvement on the “XRB early detection” and “Microlensing (20_30 days)”
metrics is > 300% between baseline_v3.0_10yrs and retro_baseline_v2.0_10yrs which re-
produces baseline baseline_v1.7_10yrs, and extend outside of the range of the plot.

• Heatmaps: Larger collections of metrics and simulations are generally better visualized
with heatmaps (see Figure 2), where families of simulations (as columns) and families of
MAFs (as rows) can be grouped together by appropriate ordering.
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Survey Cadence Optimization Committee’s Phase 2 Recommendations | PSTN-055 | Latest Revision

Figure 1: Radar plots comparing baseline_v3.0with earlier baseline simulations (top) and the
v2.99 simulations released starting on October 24th, 2022 with baseline_v3.0 (bottom) . The
majority of the metrics considered display improvements compared with earlier baseline
simulations. The improvement on the “XRB early detection” and “Microlensing (20_30 days)”
metrics is > 300% between baseline_v3.0_10yrs and retro_baseline_v2.0_10yrs which re-
produces baseline baseline_v1.7_10yrs, and extend outside of the range of the plot.

• Heatmaps: Larger collections of metrics and simulations are generally better visualized
with heatmaps (see Figure 2), where families of simulations (as columns) and families of
MAFs (as rows) can be grouped together by appropriate ordering.
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https://pstn-055.lsst.io


Photometric Calibration  
and AuxTel 



❖ Survey uniformity is crucial for most LSST analysis → relative calibration

❖ Insure spatial repeatability, as well as repeatability in time 

❖ LSST needs a very good relative pass-band calibration, both for photoZ and for SNIa science 

❖ Photometric calibration targeted at the milli-mag level ( 10-3 )

❖ Several initiatives targeting absolute calibration, linking on sky measurements to physical 
photometric standards (StarDice …)

❖ VRO has a dedicated telescope, equipped with a slit-less spectrograph (AuxTel) to monitor 
the atmosphere and provide grey absorption and atmospheric correction for bandpasses 

Photometric calibration

Nominal LSST filters
Nominal passbands 

(mirrors+filters+lenses+CCD’s+atmosphere)Atmospheric transmission 

e.g slides by E. Rykoff (2020)

e.g slides by M. Betoul (2023)

https://project.lsst.org/meetings/law/sites/lsst.org.meetings.law/files/Project%20Pland%20for%20Photometric%20Calibration%20-%20Eli%20Rykoff.pdf
https://indico.in2p3.fr/event/29275/contributions/125412/attachments/78317/114176/2023_06_08_grenoble_stardice.pdf


❖ Edgar J. Smith (/Calypso) 1.2 m telescope, refurbished in Tucson 

❖ Camera, combined with filter and disperser, making the LATISS (LSST Atmospheric Imager and Slit-less Spectrograph, 
built at Harvard (C. Stubbs et al.) 

❖ LATISS installed in January 2020 - and shares some of the main telescope command/control  and Data Acquisition 
software  - 

❖ Uses a Ronchi grating (baseline) , and an optimised holographic disperser, designed and built in France (LAL/IJCLab, 
M. Moniez et al.)  

❖ Ongoing observations with AuxTel/HoloSpec and Spectractor (data reduction pipeline)

AuxTel / HoloSpec

AuxTel / Calibration hill

A
ux

Te
l i

n 
its

 d
om

e

e.g slides at VRO PCW (2022)

Vera C. Rubin Observatory    |    Rubin Project & Community Workshop   |    8-12 August 2022 Acronyms & Glossary

Rubin Auxiliary Telescope and Calibration Hill 

5

Weather Station
DIMM Auxiliary Telescope with LATISS

Vera C. Rubin Observatory  | AuxTel Survey and Commissioning  | 3 Aug 2022

DIMM AuxTelWeather 
station

Vera C. Rubin Observatory    |    Rubin Project & Community Workshop   |    8-12 August 2022 Acronyms & Glossary

Current Status

- Fully operational but continues to be characterized 
and optimized

- Generally performing two 3-night runs per month
○ Performing engineering tests (hardware and 

software)
○ Transmission studies
○ Preparing for Main Telescope Commissioning!

https://project.lsst.org/meetings/rubin2022/sites/default/files/Introduction%20to%20the%20Auxiliary%20Telescope%20(1).pdf


❖ Holospec  (M. Moniez LAL/IJCLab) : A hologram replacing the grating for a 
spectrograph in a convergent beam. 

❖ Corrects for distortions and defocusing of a standard grating in a non planar beam 

❖ First prototypes tested at CTIO in 2017, final version characterised in LPNHE 
(Paris) in 2020, chipped to Chile in Dec 2020

❖ Spectractor (J. Neveu IJCLab/LPNHE) : software tool to extract spectra from AuxTel 
images

HoloSpec / Spectractor

Holospec image

Ex
tr

ac
te

d 
Sp

ec
tr

a

see slides by M.Monroy (LSST-France 2023)

O2, H2O : line features 
Aerosols, Ozone : broadbandData available (started in Feb. 2021)

5

3000 reconstructed spectra  
since september 2022
Wavelength extension 

[380-1050nm]

With various
- CALSPEC standards (alt,az)

- Airmasses

- Atmospheric conditions

Reconstruction software

- Spectractor v2.4

- Order2 subtraction

How does it looks like ?

8

Hα

O2

O2

H2O

Hβ

https://indico.in2p3.fr/event/29275/contributions/125418/attachments/78343/114221/LSSTFrance-Auxtel-2023jun.pdf


Time domain astronomy 
Transients and fink



❖ VRO will take short exposure images (~30 s) 

❖ Any part of the surveyed area will be visited every 
few nights (5-10 nights)

❖ With more than 10 GB/image, the data stream will 
represent about 20 TB / night  

❖ The complete data set will be processed to produce 
the source catalog for the annual DRP (Data 
Release Processing)

❖ In addition, the images taken each night are 
processed by the Alert or Prompt processing 
pipeline, through Difference Image Analysis to 
search for variabilities in sky 

❖ The alert stream is distributed to a limited number 
of alert brokers, with about 10 million alerts / 
night

❖ Images from each visit processed and alerts 
distributed within minutes of taken exposures

Rubin Observatory/LSST data processing

arXiv:2211.13611

Rubin Software Architecture and Design 3

UK Data Facility (25%)

French Data Facility 
(CC-IN2P3, 50%)

Observatory 
(Summit)

Summit 
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pt

Chilean Data Access 
Center (La Serena)

Science 
Platform

US Data Facility
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Archive
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Aux. Instr.

Science Community
(Users, Brokers, Data Centers…)
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m
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Platform

Batch Production:
Template Generation, Data Release & Calibration Product 
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C
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C
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Science 
Platform

ArchiveArchive

Developer 
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Figure 1. Simplified Vera C. Rubin Architecture diagram from Magic Draw

(USDF) at SLAC via the Prompt Transfer System. Though we use Rucio for transfers
between facilities, the Prompt Transfer System requires custom code to support faster
transfers.

On the summit, a restricted access Science Platform allows staff to interact with
the images in the OODS directly. A cluster of about 400 cores is available for quick
ad-hoc processing in situ, but we expect most processing to be done at the USDF.

3.1. Prompt Processing

The Prompt Processing framework runs at the USDF. However, many of the frame-
work’s components will be reused to drive rapid analysis and quick-look functionality
at the Summit and test stand facilities. The design of Prompt Processing is driven
by the requirement that alerts be distributed within 120 seconds of completion of the
readout of the last exposure of the visit. To enable as much I/O and computation as
possible to be done in advance, we instantiate one process per CCD when the summit
sends a next_visit Kafka event. These next_visit events provide notice of the telescope
pointing, exposure duration, filter selection, and other metadata at least 20 seconds in
advance of the first exposure of a visit. Upon receiving the next_visit event, we use
knative in a Kubernetes environment to prepare a new container where we connect
to the Butler to pre-load reference catalogs, calibration products, templates, solar sys-
tem ephemerides, and prior alert history. Once the raw images corresponding to an
earlier next_visit event for a given detector finish downloading to a local Ceph object
store, the images are ingested to the container-local Butler, and the Alert Production
pipeline payload begins processing. The Alert Production pipeline produces packaged
alerts streamed to the Community Brokers, writes all data products to the repository at
the USDF with the Butler, and updates the Alert Pipeline Database (APDB) with new
measurements. Detailed information on the initial design and prototype in the Google
Cloud environment can be found in Lim (2022b). Figure 2 provides a flow chart for
prompt processing.

https://arxiv.org/pdf/2211.13611.pdf


Fink broker :  
Receive alerts from Rubin/LSST 

Gather additional information for the alert source 
Apply additional filter , redistribute the alerts to users  

Possibility to add user defined filters  

See e.g. slides by J. Peloton (03/2023)

Or slides by M. Pruzhinskaya (06/2023)

https://docs.google.com/presentation/d/1kNHQ8BRtQEMftCqzvG_le82fRkgpggph0dzp-tL8PBU/edit#slide=id.p
https://indico.in2p3.fr/event/29275/contributions/125406/


Science with Vera Rubin 
Observatory / LSST



Rubin project news — Camera@SLAC

Wiring, before closing it up +

Closed, vertical on test
stand, CCOB ready below )

4

❖ Spring 2023 : Dome aluminium cladding , TMA complete, Engineering data flowing 
to USDF

❖ Spring/Summer 2023 : M1-M3 mirror cell assembly testing on summit

❖ Summer 2023: Camera calibration ongoing at SLAC with CCOB

❖ March 2024 : Dome complete 

❖ July 2024 : LSST-Cam ready for sky photons 

❖ October 2024 : first light 

❖ Feb 2025 : completion of Science validation survey 

❖ March 2025 : start of VRO/LSST 10 year sky survey 

VRO recent and future milestones

Camera and its wiring at SLAC 
(spring 2023)



❖ Moving sources, Solar system science

❖ Time domain astrophysics :

❖ Novae, Supernovae, GRB's

❖ Microlensing 

❖ Mapping the Milky Way : Galactic structure and tidal streams 

❖ Galaxies : The Rubin Galaxies Collaboration 

❖ Cosmology , Dark Energy and Dark matter: DESC 

❖ Weak lensing and strong lensing 

❖ Clusters 

❖ Supernovae

❖ LSS ,  LSS x WL 

Science enabled by VRO / LSST
LSST Science Book  - https://www.lsst.org/scientists/scibook

DESC: Dark Energy Science Collaboration 

PhotoZ

https://www.lsst.org/scientists/scibook
https://arxiv.org/abs/1902.03004
https://lsstdesc.org


© Image source: 

PhotoZ basics

Gorecki A. et al, A&A 2014 , arXiv:1301.3010

A&A 561, A128 (2014)
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Fig. 1. SED templates are linearly interpolated from the original six
templates from Coleman et al. (1980) and Kinney et al. (1996). The
original templates are drawn in red.

spectrum space. Therefore, this feature may allow the neural net-
work method to be more e↵ective in estimating the redshift.

2.2.5. Attenuation by dust and intergalactic medium

The reddening caused by dust within the target galaxy is quan-
tified in our simulation by the color excess term E(B � V). With
this term, the Cardelli law (Cardelli et al. 1989) is used for the
galaxies closest to the El, Sbc, and Scd spectral types, whereas
the Calzetti law is used for the galaxies closest to the Im, SB3,
and SB2 spectral types. The color excess E(B�V) is drawn from
a uniform distribution between 0 to 0.3 for all galaxies, except
for galaxies closest to the El type. Indeed, elliptical galaxies are
composed of old stars and contain little or no dust; therefore,
E(B � V) is drawn only between 0 to 0.1 for these galaxies.

Another process to be considered is the absorption due to
the intergalactic medium (IGM). It is caused by clumps of neu-
tral hydrogen along the line of sight and is well-modeled by
the Madau law (Madau 1995). As the absorption occurs at a
fixed wavelength in the hydrogen reference frame, it is redshift-
dependent in the observer frame. Strong features in the optical
part of the SEDs are induced by the IGM at redshifts above
about z ⇠ 2.8 in the LSST filter set, when the Lyman-↵ forest
has shifted into the LSST band passes. Here we assume this ab-
sorption to be constant with the line of sight to the galaxy. An
investigation of the e↵ect of the stochasticity of the IGM will be
the subject of future work.

2.2.6. Filters

The six LSST bandpasses displayed in Fig. 2 include the quan-
tum e�ciency of the CCD, the filter transmission, and the tele-
scope optical throughput. The CFHTLS filter set8 is also dis-
played in the same figure. We expect to be able to obtain good
photo-z estimates up to redshifts of about 1.2 for CFHTLS
and 1.4 for LSST when the 4000 Å break is redshifted out of the
filter sets. At redshifts above 2.5, the precision should improve
dramatically when the Lyman break begins to redshift into the
u-band.

8 The CFHTLS transmissions have been downloaded from
http://www1.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/

community/CFHTLS-SG/docs/extra/filters.html
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Fig. 2. LSST transmission curves shown by the solid lines and CFHTLS
transmissions shown by the dashed lines. The transmission includes the
transmission of the filter itself, the expected CCD quantum e�ciency,
and the telescope optical throughput.

2.2.7. Apparent magnitude uncertainties for the LSST
The apparent magnitude uncertainties for the LSST are com-
puted following the semi-analytical expression from the LSST
Science Book (LSST Science Collaboration 2009). This expres-
sion has been evaluated from the LSST exposure time calculator,
which considers the instrumental throughput, the atmospheric
transmission, and the airmass among other physical parameters.

The total uncertainty on the apparent magnitude includes a
systematic uncertainty that comes from the calibration, such that
the photometric error in band X is

�X (mX) =
q
�2

rand,X + �
2
sys,X , (7)

where �rand,X is the random error on the magnitude and �sys,X
is taken to be equal to 0.005 and is the photometric systematic
uncertainty of the LSST for a point source. We have adopted this
simple formula defined for point sources and have used it for ex-
tended sources. A more realistic computation of this uncertainty
for extended sources will be completed in future work (see also
Sect. 6).

2.2.8. Apparent magnitude uncertainties for CFHTLS
and the GOODS survey

An analytical expression similar to the one given by Eq. (7) does
not exist for the CFHTLS and the GOODS data. The apparent
magnitude uncertainties are estimated with algorithms and anal-
ysis techniques specific to these surveys and the relations de-
scribed in the previous Sect. does not apply.

In the following, where simulations of photometric galaxy
catalogs of both of these surveys are carried out, the simulated
uncertainties on the apparent magnitudes are estimated directly
from the survey data themselves. In this way, one can obtain the
probability distribution of having �X given mX . This allows the
assignment of �X by randomly drawing the value, according to
this probability density function, given the value of mX .

2.3. Method validation

2.3.1. GOODS
To validate the simulation scheme, we have performed a simula-
tion of the GOODS WFI data9 and compared our results to the

9 Data from the Wide Field Imager (WFI) on the 2.2-m MPG/ESO
telescope at La Silla.

A128, page 4 of 19
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Fig. 1. SED templates are linearly interpolated from the original six
templates from Coleman et al. (1980) and Kinney et al. (1996). The
original templates are drawn in red.

spectrum space. Therefore, this feature may allow the neural net-
work method to be more e↵ective in estimating the redshift.

2.2.5. Attenuation by dust and intergalactic medium

The reddening caused by dust within the target galaxy is quan-
tified in our simulation by the color excess term E(B � V). With
this term, the Cardelli law (Cardelli et al. 1989) is used for the
galaxies closest to the El, Sbc, and Scd spectral types, whereas
the Calzetti law is used for the galaxies closest to the Im, SB3,
and SB2 spectral types. The color excess E(B�V) is drawn from
a uniform distribution between 0 to 0.3 for all galaxies, except
for galaxies closest to the El type. Indeed, elliptical galaxies are
composed of old stars and contain little or no dust; therefore,
E(B � V) is drawn only between 0 to 0.1 for these galaxies.

Another process to be considered is the absorption due to
the intergalactic medium (IGM). It is caused by clumps of neu-
tral hydrogen along the line of sight and is well-modeled by
the Madau law (Madau 1995). As the absorption occurs at a
fixed wavelength in the hydrogen reference frame, it is redshift-
dependent in the observer frame. Strong features in the optical
part of the SEDs are induced by the IGM at redshifts above
about z ⇠ 2.8 in the LSST filter set, when the Lyman-↵ forest
has shifted into the LSST band passes. Here we assume this ab-
sorption to be constant with the line of sight to the galaxy. An
investigation of the e↵ect of the stochasticity of the IGM will be
the subject of future work.

2.2.6. Filters

The six LSST bandpasses displayed in Fig. 2 include the quan-
tum e�ciency of the CCD, the filter transmission, and the tele-
scope optical throughput. The CFHTLS filter set8 is also dis-
played in the same figure. We expect to be able to obtain good
photo-z estimates up to redshifts of about 1.2 for CFHTLS
and 1.4 for LSST when the 4000 Å break is redshifted out of the
filter sets. At redshifts above 2.5, the precision should improve
dramatically when the Lyman break begins to redshift into the
u-band.

8 The CFHTLS transmissions have been downloaded from
http://www1.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/

community/CFHTLS-SG/docs/extra/filters.html
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Fig. 2. LSST transmission curves shown by the solid lines and CFHTLS
transmissions shown by the dashed lines. The transmission includes the
transmission of the filter itself, the expected CCD quantum e�ciency,
and the telescope optical throughput.

2.2.7. Apparent magnitude uncertainties for the LSST
The apparent magnitude uncertainties for the LSST are com-
puted following the semi-analytical expression from the LSST
Science Book (LSST Science Collaboration 2009). This expres-
sion has been evaluated from the LSST exposure time calculator,
which considers the instrumental throughput, the atmospheric
transmission, and the airmass among other physical parameters.

The total uncertainty on the apparent magnitude includes a
systematic uncertainty that comes from the calibration, such that
the photometric error in band X is

�X (mX) =
q
�2

rand,X + �
2
sys,X , (7)

where �rand,X is the random error on the magnitude and �sys,X
is taken to be equal to 0.005 and is the photometric systematic
uncertainty of the LSST for a point source. We have adopted this
simple formula defined for point sources and have used it for ex-
tended sources. A more realistic computation of this uncertainty
for extended sources will be completed in future work (see also
Sect. 6).

2.2.8. Apparent magnitude uncertainties for CFHTLS
and the GOODS survey

An analytical expression similar to the one given by Eq. (7) does
not exist for the CFHTLS and the GOODS data. The apparent
magnitude uncertainties are estimated with algorithms and anal-
ysis techniques specific to these surveys and the relations de-
scribed in the previous Sect. does not apply.

In the following, where simulations of photometric galaxy
catalogs of both of these surveys are carried out, the simulated
uncertainties on the apparent magnitudes are estimated directly
from the survey data themselves. In this way, one can obtain the
probability distribution of having �X given mX . This allows the
assignment of �X by randomly drawing the value, according to
this probability density function, given the value of mX .

2.3. Method validation

2.3.1. GOODS
To validate the simulation scheme, we have performed a simula-
tion of the GOODS WFI data9 and compared our results to the

9 Data from the Wide Field Imager (WFI) on the 2.2-m MPG/ESO
telescope at La Silla.
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❖ LSST is a 6-band photometric survey and most of the cosmology and extra-galactic science will rely on 
the photo-metric determination of redshifts 

❖ PhotoZ determination relies mainly on colour changes as the galaxy SED's shifts through different filters 
as the redshift increases 

❖ Two broad categories of PhotoZ codes, using Machine Learning (ML) and Neural Networks (NN), OR 
through template (galaxy SED) fitting (TF) 

❖ ML/NN : needs a photometric catalog with spectroscopic redshifts (training data set) that matches the 
complete photometric catalog - major challenge for LSST

❖ ML/NN methods are often able to optimise the use of available information

❖ Template based : need to have representative galaxy SED libraries, and understand the astrophysical 
effects (& cosmology), and the evolution with redshift -  Training data set would be used for validation

❖ Template based methods use the accumulated human knowledge (physics)  to extend photo-z 
determination beyond parameters (magnitudes, redshift …) covered by the training set

❖ Increasing the available number of photometric bands, both toward UV and in the InfraRed (IR) 
enhances significantly the PhotoZ performance 

❖ Synergies with other optical surveys , such as Euclid, or Roman 

❖ Spectroscopic surveys (DESI …) will be used for the calibration through cross-correlations  

Photometric redshifts



Photo-z  & BAO's in LSST (I)
Gorecki A. et al, A&A 2014 , arXiv:1301.3010

Reza Ansari et al.: Impact of photometric redshifts on the galaxy power spectrum and BAO scale in the LSST survey

Table 3 summarises the main characteristics of these three
grid sets. After projection of the galaxy catalog into the grids,
each cell will contain the number of galaxies with a position
falling in it, weighted by the inverse of the selection function
corresponding to the considered error model at the appropriate
redshift.

Figure 8 shows the galaxy density contours of two slices
through the center of the z = 0.9 central grid. The (x, y) slice cor-
responds to the transverse plane and the (z, y) slice contains the
line-of-sight Oz axis. While density contours are isotropic and
small structures are well contrasted with spectro-z (left panels),
features appear along the radial (redshift) direction and small
structures have faded out with photo-z (here bdt 80%, right pan-
els).

Fig. 8. Galaxy density contours in slices of the grid centred at
z = 0.9. Top: the transverse plane (y, x); bottom: the radial plane
(y, z). Left : with spectro-z, right : with bdt 80% photo-z. Slices
are 8 comoving Mpc thick (1 cell) and go through the grid center.

4.2. Power spectra and noise estimation

We have computed power spectra Pobs(k) for each of the five red-
shift error models: spectroscopic redshifts (no-error), redshifts
with gaussian error �z = 0.03(1 + z) and photo-z reconstruction
without or with 90% or 80% BDT cut.

We also compute the shot-noise contribution by simulation.
A separate set of grids is filled by Poisson noise using the mean
galaxy density at the redshift of each cell. Further steps - appli-
cation of the error model on the redshift or selection function
correction for instance - are then applied as for grids filled by
galaxies. The power spectra of the shot-noise grids PSN are flat
and the shot-noise contribution is properly approximated by a
constant, as expected, which is determined with a small statisti-
cal uncertainty.

The shot-noise subtracted power spectrum is defined by
PD(k) = hPobs(k)i3D�grids � PSN, where the subscript D stands
for damped. Indeed, the recovered power spectrum is damped
due to redshift errors, compared to the underlying galaxy distri-
bution power spectrum.

Theoretical (input) and recovered power spectra from simu-
lated galaxy catalogs, at the three redshifts and for the five red-
shift error models, are shown in figure 9.

Fig. 9. Recovered power spectra PD(k) computed from the
5 grids centred at each redshift bin, after subtraction of the shot-
noise contribution. Black lines correspond to the theoretical (in-
put) power spectra while other colours refer to the five redshift
error models. The line thickness identifies the grids central red-
shift, with the thickness increasing with the redshift.

One can see the global decrease in amplitude at all scales
when the redshift increases, by comparing for instance the theo-
retical shapes (black lines). It is related to the increasing growth
factor with cosmic time. The power spectra recovered from cat-
alogs with spectro-z for the three redshift ranges (cyan curves)
follow the theoretical shapes at low k, but a moderate damping
can be seen, starting around k = 0.1, which is mainly due to the
sampling with 83 Mpc3 cells.

The damping of the power spectrum produced by the pho-
tometric redshift smearing is clearly visible when errors on red-
shift are introduced. The damping factor reaches a factor ⇡10 at
the BAO scale, around 150 Mpc (k ⇡ 0.04).

The BDT cut reduces the photo-z dispersion, so reduces
the damping: the recovered power spectrum amplitude increases
with more stringent BDT requirement. Note that the di↵erences
are tiny between the green, pink and purple medium thickness
curves, as photo-z performance is already good around z = 0.9
without any BDT cut. The amplitude of the recovered spectra
from the grids centred at z = 0.5 and z = 1.3 are more sensitive
to the BDT cut.

The power spectra for the grids centred at z = 1.3 start to flat-
ten at high k because they are not far to be shot-noise dominated
with an average of only two galaxies per cell (see Tab. 3).

The statistical errors associated to the recovered power spec-
tra are given by:

�P(k) =
2⇡

k
p

V�k
⇥ [PD(k) + PSN] (1)

where V is the total volume of the grids in a given redshift range
and �k is the sampling width in wavenumber. We have checked
that the dispersion of the recovered power spectra from di↵er-
ent mock catalogs do follow the above relation, although with
limited number of catalogs, due to CPU and storage intensive
computations needed to generate and analyse the catalogs.

9
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data.

strong correlation between zp� zMLP and zp� zs may be useful in
diagnosing and mitigating problems with the SED template set.

It is di�cult to obtain a spectroscopic sample of galaxies
that is truly representative of the photometric sample in terms
of redshifts and galaxy types (Cunha et al. 2012). For example,
in the case of the LSST, the survey will be so deep that spec-
troscopic redshifts will be very hard to measure for the majority
of faint galaxies or those within the “redshift desert”. Here, we
briefly investigate the e↵ect of having the spectroscopic redshift
distribution of the training sample biased with respect to the full
photometric sample.

The fact that the distribution of redshifts in the spectroscopic
sample is di↵erent from the underlying distribution is often (con-
fusingly) termed redshift bias. The consequence of this bias can
be seen by modifying the e�ciency of detection as a function of
the redshift. The e�ciency function is chosen to be

✏(z) = 1 � 1/
⇣
1 + e�(

z�1.2
0.1 )⌘ , (18)

and it is plotted in Fig. 23 (inset). This e�ciency function is then
used to bias the training sample and the test sample to compute
new network weight coe�cients. The photometric redshifts for
another unbiased sample are then computed using these weights.

The scatter plot of zMLP � zs as a function of zs is shown
in Fig. 23. We find that the photometric redshifts are well esti-
mated as long as ✏ � 0.2. This figure shows qualitatively that
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LSST simulation of ten years of observations. Bottom panel: 2D his-
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bias in the redshift selection.

a bias in the training sample has a major impact on the photo-z
reconstruction performance by the neural network, at least with
the training method used here.

6. Discussion and future work

In regard to simulations undertaken here, there are a number of
simplifications that will be reconsidered in future work. We dis-
cuss briefly some of these here.
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Fig. 4. Distribution of the photo-z zp as a function of the spectro-z zs. Top left panel: photo-z from the FastPZ method (see Sect. 3.1.2); top right
panel: with the bdt 90% cut; bottom left panel: with the bdt 80% cut. The colour scale for the galaxy density is logarithmic. Bottom right panel:
statistical properties of ez = (zs�zp)/(1+ zp) as a function of zp with (top panel) the interquartile range IQR of ez, (middle panel) fraction of outliers
fout, defined by |ez| > 0.15, (bottom panel) bias b, defined as the median of ez. Green lines show the values obtained with the photo-z’s without any
quality cut while the pink (purple) lines show the results with the photo-z satisfying bdt 90% (bdt 80%) cut. The dashed black lines correspond to
the LSST requirements (plus the goal value in the IQR case).

The selection functions are shown in Fig. 5. The main shape,
shown by the cyan line, directly reflects the LSST golden selec-
tion cut. The selection function with the Gaussian error model
is very close to the one using spectro-z, but the ratio of the two
functions exhibits an expected slight warp as the smoothing of
a power-law-like distribution leads to a flattening of this distri-
bution. Cases with photo-z error models are very di↵erent: the

ratio between the selection function of any of the photo-z cases
and the spectro-z case exhibits significant structures. Asymmet-
ric ez distributions are responsible for these visible distorsions
since they induce migration of galaxies from true redshift distri-
bution into a distorted measured redshift distribution. It is partic-
ularly visible around z = 0.5 (see Fig. 6, top left). Di�culties in
the photo-z reconstruction with asymmetric distributions around
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Fig. 10. Fractional statistical error�P/P(k) of the recovered power spec-
tra PD in percent. Colours identify the di↵erent redshift error models,
while the grid redshifts are distinguished by di↵erent line thicknesses.
The light grey area shows the wave number corresponding to the BAO
scale.

the mean galaxy density, are very similar for the spectroscopic,
Gaussian and photometric cases. However, their relative values
with respect to the power spectrum PD(k) increase significantly
as PD(k) are damped due to radial smearing (Gaussian or photo-
z error models). We note that even with spectro-z, for the 3D-
grids centred at z = 1.3, the relative error contribution flattens
at k ⇡ 0.2, as the shot noise starts to overwhelm the LSS power
spectrum.

In summary, we can expect a more accurate BAO scale deter-
mination from the grids centred at z = 0.9, compared to the grids
centred at z = 0.5 and z = 1.3. The precision on the recovered
power spectrum is limited by the cosmic variance at low redshift
(z = 0.5) and by the shot noise at high redshift (z = 1.3). We
note that non-linearities will also soften the oscillations above
k ⇡ 0.1 Mpc�1.

4.3. Extraction of the BAO scale

The baryon acoustic oscillations are subdominant with respect
to the global matter power spectrum shape, as they are hard to
see even on theoretical curves (black lines in Fig. 9). Thereby,
the power spectrum, damped by any feature a↵ecting the data or
the computation method, follows a global shape with the small
superimposed oscillations.

We do not want to assume any shape of the damping induced
by the smearing produced by photo-z errors. So we cannot use
an analytical model as it is done for Gaussian error model
Glazebrook & Blake (2005). The appendix contains the descrip-
tion of the procedure that we have developed to estimate the
smooth, wiggle-less, power spectrum from the observed one.
The oscillating component in the spectrum is extracted, through
the fitting of a damped sinusoid, similar to the wiggle-only
method Glazebrook & Blake (2005) where the amplitude, the
damping scale and the oscillation scale are left as free param-
eters.

As mentioned in Sect. 2, we have used a simple model
in this simulation, ignoring non-linear e↵ects or bias on the
LSS power spectrum and mock galaxy catalogue genera-
tion. Indeed, non-linear clustering a↵ects the power spectrum,
leading in particular to a damping of the BAOs features at
small scales Crocce & Scoccimarro (2008), Rasera et al. (2014),
Obuljen et al. (2017) or Seo & Eisenstein (2007). In order to

limit over-estimating LSST capability to recover the BAO scale,
we have restricted the k-range used to extract the oscillat-
ing component in the power spectrum and to determine the
BAO scale sA. We have used two k-ranges, a very conserva-
tive one in which only k  0.1 h Mpc�1 (i.e. k  0.07 Mpc�1)
have been kept, and a second one, using wave modes up to
k  0.15 h Mpc�1 (i.e. k  0.1 Mpc�1). Indeed the impact
of non-linear clustering for low k-modes (k  0.1 h Mpc�1)
can be safely neglected. However, as one can see for instance
from Rasera et al. (2014), the damping of the BAO features due
to non-linear clustering is limited up to 0.15 h Mpc�1, specially
at higher redshifts (z � 1), which is more the focus of this work.
The comparison of the reconstructed BAO scale error from these
two k-ranges gives an indication of the amount of information in
larger k-modes for di↵erent redshift bins.

For illustration purpose, we show the oscillating component
of the LSS power spectrum in the Fourier space, as well as the
fitted damped sinusoid, for the redshift z = 0.9 on Fig. 11.
The estimated errors on sA are gathered in Fig. 12 for the
two tested k-ranges. In agreement with previous considerations,
results obtained for 3D-grids centred at z = 0.9 are more precise
than results obtained from 3D-grids centred at lower or higher
redshifts. The results are two or three times worse if the k-modes
between 0.07 and 0.1 Mpc�1 are removed. Indeed the loss of half
of the second oscillation impacts the ability to precisely recover
the BAO scale. Nevertheless this loss does not suppress it com-
pletely, as the error remains below 5% in all cases.

In some cases in particular, the errors are probably underes-
timated, preventing proper estimation of the impact of the BDT
cut on the recovery of the BAO scale. Indeed, the reduced �2 are
reasonably close to one when spectro-z are used and for all error
models for grids centred at z = 0.9 and z = 1.3. But the reduced
�2 ranges from five to six when the fit is performed from grids
centred at z = 0.5 with Gaussian or photometric error on the red-
shift. We interpret this as a suggestion that another component in
the error computation related to the error on the redshift should
be included. This component is mainly hidden by the shot noise
at higher redshifts. It is due to the redshift dispersion and not to
the bias or the presence of outliers as the �2’s are similar with
the Gaussian error model (with no bias and virtually no outlier)
and with the photo-z error model.

5. Interpretation and discussion

In this section we try to explain some of the general behaviours
that we have observed using the full simulation in the previ-
ous section. We then describe how we used a simple simulation
tool implementing these e↵ects to get BAO scale determination
uncertainty in a LSST-like survey, compared to a fiducial spec-
troscopic survey.

The use of photo-z induces two main e↵ects on the galaxy
distribution. A first one is the smearing along the radial direction,
due to reconstructed redshift uncertainties, and a second one is
the presence of outliers, due to catastrophic redshifts. We can
write the observed galaxy number densities nobs(r) along the line
of sight r from which the underlying LSS matter power spectrum
is computed as
nobs(r) = npz

g (r) + nout(r) (3)

where npz
g (resp. nout) denotes galaxy population with reasonable

photo-z (resp. outliers). Introducing the outlier fraction fout, we
have the following relations between the di↵erent average num-
ber densities:
n̄pz

g = (1 � fout) n̄obs; n̄out = fout n̄obs. (4)
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Fig. 11. Recovered oscillation part of the power spectra in Fourier space
for the grids centred at z = 0.9 considering, from top to bottom panel,
spectro-z, photo-z without and with bdt 80% cut. The coloured lines
are the fitted oscillations using the simple “wiggle only” description.
The BAO scale is at the first intersection between this fitted damped
sinusoid and the horizontal black line. The expected value of kA from
the fiducial Planck 2015 ⇤CDM model (0.0417 Mpc�1) is shown by the
vertical line.

The observed matter distribution power spectrum is com-
puted from the galaxy number density field renormalised by the
average density

Pobs(k) : FFT [nobs(r)/n̄obs � 1] . (5)

Neglecting the correlation between galaxies with correctly
reconstructed redshifts and outliers, the observed power spec-
trum can be written as

Pobs(k) = (1 � fout)2 Pg(k) ⇥ ⌘(k) + f 2
out Pout(k) + PSN. (6)

The di↵erent terms of this equation correspond to:
– The Pg(k) ⇥ ⌘(k) term corresponds to the power spectrum

of the galaxy number density field radially smeared due to
photo-z errors, leading to a damping of the power spectrum
(0 < ⌘(k)  1). ⌘(k) follows a scaling law: ⌘(k) = f (k ⇥
�R) with �R the standard deviation of the smearing along the
radial direction as described in Blake & Glazebrook (2003).

– Outliers correspond to galaxies from di↵erent redshifts shuf-
fled to a large extent, so Pout(k) . Pg(k); they contribute
to the overall noise in the observed galaxy power spectrum.
However, the outliers contribution would be negligible in
most cases, as long as fout < 10%.

– PSN is the combined shot noise power spectrum from the two
populations

PSN =
n̄g

n̄2
obs

+
n̄out

n̄2
obs

=
(1 � fout) n̄obs

n̄2
obs

+
foutn̄obs

n̄2
obs

=
1

n̄obs
· (7)

We have computed the damping function ⌘(k), correspond-
ing to the ratio of the recovered power spectrum to the input
power spectrum, for di↵erent levels of smearing along the

Fig. 12. Relative errors on the BAO scale fitted from the power spectra
for each redshift and each error model. The black bars are the results
using the k-range [0.03�0.1] Mpc�1 while the colour bars are the results
using the k-range [0.02�0.07] Mpc�1.

radial direction. The left panel of Fig. 13 shows the damp-
ing function ⌘(k) for four values of the standard deviation
�R = 50, 75, 100, 150 Mpc of Gaussian smearing along the
radial direction. The damping function very closely follows a
scaling law, ⌘(k) = f (k/k0) where k0 =

1
�R

, as shown in Fig. 13.
The damping function is well represented by the analytic func-
tion

⌘(k) =
1

p
1 + (k/k0)2

with k0 =
1
�R
· (8)

We have also plotted �R(z) = c
H(z) ⇥ �pz(z) as a function of

redshift on the right panel of Fig. 13, using the redshift depen-
dent �pz(z) from full photo-z reconstruction of Sect. 3 with
bdt 90% selection cut.

We have carried out a study of the BAO scale reconstruc-
tion uncertainty using a toy program where the observed galaxy
power spectrum and associated errors are computed using the
expressions given above. The galaxy power spectrum has been
damped using a redshift dependent radial smearing�R(z), as rep-
resented by the IQR variable in Fig. 4, and a fixed value of 5%
for the outlier fraction. We note that �R(z) is very irregular, as is
the IQR in Fig. 4; this variability is not due to a lack of statistics
but to galaxies spectra features seen by the photo-z method. We
have used redshift dependent galaxy number density following
the values obtained in our full simulation, slightly below the ones
shown in Fig. 2. We computed the ratio of the observed power
spectrum to a theoretical power spectrum without BAO oscil-
lations R(k) = (Pobs(k) � PSN) / (Pno�osc(k) ⇤ ⌘(k)). The BAO
scale sA is then determined by fitting a damped sinus function
A exp (k/kd) sin (sA k) to the ratio R(k), with three free parame-
ters: A, kd, sA, over the restricted k-range 0.03  k  0.1 Mpc�1,
equivalent to 0.04  k  0.15 h Mpc�1. A constant quadratic
error of 0.4% has been included to compensate partially for the
simplicity of this fitting method. The increase of the uncertainty
due to photo-z smearing is however marginally sensitive to the
fitting procedure. The error is determined from the distribution
of reconstructed BAO scales sA.

The survey volumes given in Table 3 correspond to a sur-
vey of slightly less than 4000 deg2. Using our toy program and
for ⌦surv = 4000 deg2, we obtain a BAO scale uncertainty �sA

of 1.9 Mpc (⇡1.3%) and 2.2 Mpc (⇡1.5%) for spectro-z and
photo-z, with kmax = 0.1 h Mpc�1 for the redshift bin centred at
z = 0.9, in reasonable agreement with the error bars represented

A76, page 11 of 14

Ansari R. … C. Renault et al, A&A 2019 , arXiv:1902.03004

Still possible to recover the isotropic BAO scale with <5% accuracy thanks to the 
 large number of galaxies  

BAO scale would be an important LSS and Photo-z check in LSST 

https://arxiv.org/abs/1902.03004


Synergy with 21cm Intensity 
Mapping



Hou, Bautista, Berti et al. arXiv:2306.13726

Universe 2023, 9, 302 41 of 69

Figure 14. Landscape of past (black) and current/future galaxy surveys (red) for galaxy number
density per area as a function of the survey area. Photometric surveys are crosses and spectroscopic
surveys are open circles. The grey dotted lines corresponds to 104, 106, 108, and 1010 galaxies. Overall,
the current/future surveys cover a larger area with a higher number density per area.

5.3. Radio Surveys: Continuum and Intensity Mapping

Radio surveys are a promising tool to test the Universe at unexplored redshifts. Radio
continuum at relatively lower wavelengths and HI intensity mapping at high wavelengths
are the two main probes in the radio band. A radio continuum survey provides a high-
angular resolution of radio galaxies but a low resolution in redshifts. The HI intensity
mapping offers a high-radial resolution but a low resolution in the angular direction. The ra-
dio continuum and intensity mapping are complementary to each other. In addition, the HI
galaxy redshift surveys are similar to what can be obtained from an optical spectroscopic
survey where the galaxy 3D coordinates are provided.

The main parameters defining a radio survey are the frequency range and resolution,
which translates into the accessible volume in the redshift. We can categorize them mainly
by the area covered, angular resolution, and used technique, e.g., interferometry [212]
or single-dish approach [462]. Several instruments are either currently recording data,
under construction, or being planned. There will be a large amount of radio data available
in the coming decades. We summarize the main radio continuum surveys and HI intensity
mappings in Figure 15. We gather the results and review the status of the most relevant
radio surveys to forecast the constraining power of such observations on DE/MG theories.

Large-scale structure studies with radio continuum sources require surveys with wide
areas and high-resolutions in either angular or radial directions (reach sub-arcminute level).
In the past decade, surveys such as Faint Images of the Radio Sky at 20 cm (FIRST; [463]),
NRAO VLA Sky Survey at 1.4 GHz (NVSS; [464]), and TIFR GMRT Sky Survey (TGSS-
ADR; [465]) have improved our understanding of extragalactic radio sources. In addition,
there are the LOFAR LBA Sky Survey (LoLSS; [466]), Rapid ASKAP Continuum Survey
(RACS; [467]), Karl G. Jansky Very Large Array Sky Survey (VLASS; [468]) and Galactic and
Extragalactic All-Sky MWA survey (GLEAM; [469]). Currently, the Low-Frequency Array
(LOFAR; [470]) is the only high-angular resolution (6 arcseconds) and high-sensitivity radio
telescope with ultra-low frequency. The LOFAR two-metre Sky Survey has published
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two data releases (LoTSS DR1, DR2; [471]), and there is the additional LOFAR Low-Band
Antenna (LBA) Sky Survey (LoLSS; [466]), which aims to cover the entire northern sky and
providing ultra-low-frequency information for ∼ 105 radio sources. In the future, there
are plans for an evolutionary map of the Universe (EMU; [472]) that will almost cover the
whole southern sky, the precursor of which is the EMU pilot [473] which released data
2022, as well as the Westerbork Observations of the Deep Apertif Northern Sky Survey
(WODAN; [474]), which covers the northern sky. Together they will cover the whole sky,
thus aiding large-scale structure studies. The Band 1 and 2 of the SKA1-Mid [475] will
provide a continuum WL survey and a wide continuum galaxy survey in the redshift range
z = 0.35–3.
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Figure 15. A summary of radio surveys. The warm red colours denote the radio continuum maps
while the cold blue colours represent the 21 cm intensity mapping. The error bars show the frequency
ranges for each of the instruments or surveys. While the advantage of radio surveys is their high-
angular resolutions, the surveys that measure the 21 cm signal possess good high-radial resolution,
i.e., the frequency and its corresponding redshifts (dashed blue vertical lines). We mark the two kinds
of resolutions as different colour gradients.

The cosmological principle, which states that the Universe is isotropic and homoge-
neous, has been challenged by the tension in the cosmic dipole. The dipole measurements
from, e.g., the radio continuum surveys NGSS and TGSS, are 2–5 times larger than ex-
pected [476]. The results will also potentially favour some of the MG models that lead
to inhomogeneity at different scales, with the near-full-sky area of the radio continuum
survey in the future, and the homogeneity of the Universe will be tested with much higher
confidence. Moreover, with the spectroscopic redshift of the WEAVE-LOFAR survey [477],
we will have 3D radio galaxy catalogues for the LOFAR survey, both with high-angular
and -radial resolution, allowing us to perform higher-order statistics and more local tests in
the future with broader cosmic volumes than the optical surveys.

At present, a plethora of experiments targeting LIM are currently running, under con-
struction, or being proposed. For 21cm IM, the main instruments are CHIME [478,479],
HIRAX [480], LOFAR [470], GBT [241,481], FAST [482], BINGO [483,484], CHORD [485],
TIANLAI [486,487], SKAO [475] and its precursor MeerKAT [246,488,489]. For a review of
the state-of-the-art ongoing and proposed IM surveys, we refer the reader to [212].

Optical surveys

Radio surveys
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FIG. 13. Constraints on the growth rate of structure, f�8, for the Stage II experiment assuming no priors on ⌦HI from external data but
modeling of the power spectrum in the mildly non linear regime using perturbation theory. Left panel: An optimistic foreground removal
scenario where only modes with k|| < 0.01 h/Mpc are lost and the wedge extends to the size of the primary beam. Different colors show
different choices for the smallest scales included in the forecast. Right Panel: A pessimistic case with only k|| > 0.1 h/Mpc modes available
and a wedge extending to three times the primary beam.

FIG. 14. Same data as in in Figure 13 for k < 0.75knl, but now plotted together with compendium of current constraints on f�8 (points; see
text). Lines are theoretical models: ⇤CDM is plotted with solid line while dashed is the modified gravity model described in the text with
vanishing effects at high redshift and an expansion history equal to that of ⇤CDM.

density averaged spheres of 8 h�1Mpc radius at z = 0. The ⇤CDM model, constrained by current CMB observations [74, 84],
predicts both �8(z) and f�8(z) at 2 < z < 6 to better than 0.5% (or about 1.1% if we allow neutrino masses to vary). This
provides a firm prediction which can be tested using precise observations at high z.

In 21 cm, the mean signal is unknown, so in effect linear redshift-space distortions instead measure the product ⌦HIf�8,
with ⌦HI being a nuisance parameter. However, there are three main ways to go around this limitation. The first is to use the
method of Ref. [67], namely measure the bias and brightness temperature from complementary data such as the Lyman-↵ forest,
where the sources relevant for 21 cm emission appear as individually detected hydrogen systems (for a summary of our current
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FIG. 9. Constraints on the distance-redshift relation(s) achievable with the BAO technique for some current experiments (empty symbols),
some up-coming experiments (based on [69]) and our Stage II experiment (based on [70]). This Figure is an adaptation of Figure 1 from [71].
Lines from top to bottom correspond to transverse, spherically averaged and radial BAO for best-fit Planck ⇤CDM model. 21 cm lines are for
foreground optimistic case but with no reconstruction.

These correlations have been successfully detected using galaxies, quasars and the Lyman-↵ forest [61–65]. In fact, due to
the large scales involved and the differential nature of the measurement (one or more peaks on top of a smooth background
signal), BAOs are among the most robust measurements in cosmology. Because the physics of early universe is well known,
and highly constrained by CMB observations, the BAO method provides a well-calibrated standard ruler [66]. With such a ruler
BAOs can robustly measure the comoving angular diameter distance, DM (z)/rd, using transverse modes and the expansion
rate, 1/H(z)rd, using radial modes; both as a function of redshift. For this reason current and future spectroscopic surveys
(e.g. [4, 61, 67] or Table I) have BAO as a major science driver. A measurement of BAOs at 2 < z < 6, complementary to the
next generation of experiments, is one of the scientific opportunities in our proposed Stage II experiment.

In Figure 9 we estimate constraints on the distance scale from a Stage II experiment. The forecasting was done using the
standard approach of Ref. [68], adapted for 21 cm measurements. In particular, at each redshift bin, we add the shot-noise and
thermal noise contribution at wavenumber k = 0.2h/Mpc to power spectrum, and convert these back to an effective number
density of sources. The results are largely independent of choice of fiducial k at which we do this conversion. Figure 9 shows
that current and next generation optical/IR experiments lose constraining power at z ' 2, while we forecast a Stage II 21 cm
experiment can map the expansion history with high precision all the way to up to the end of epoch of reionization (z ' 6).

The high precision achievable with a Stage II experiment is due in part to the very high number density of 21 cm sources,
which provide sample-variance limited measurements of the relevant scales. The 21 cm signal is dominated by numerous, small
galaxies with number densities greater than 10�2 h3Mpc�3. This can be compared to typical values for galaxy surveys which
are around 10�4

� 5 ⇥ 10�3 h3 Mpc�3 or less. We plot these numbers in the left panel of Figure 10. The effect of the thermal
noise of the system (which is not present in optical galaxy surveys) does lead to a decrease in the effective number density of
sources but for our Stage II survey this is a modest change. Provided foregrounds can be controlled, we are close to saturating
the information content in BAO that can be achieved over half the sky – no future BAO experiment could do significantly better
as illustrated in the right panel of 10.

2.4. Cosmic inventory in the pre-acceleration era

The measurements of the cosmic expansion history and distance-redshift relation described above constrain the abundance
and time evolution of the various components of the cosmic fluid. Radial BAO directly probe the expansion history, H(z), while
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Back to PhotoZ’s

❖ External spectre-photometric datasets will be 
used for training purposes 

❖ Rubin/LSST will also need external data sets 
with spectroscopic information to cross check 
and Calibrate photo-z’s have to check the 

❖ Cross-correlations with spectroscopic catalogs, 
such as the DESI catalog will be used for this 
purpose 

❖ However, 21 cm intensity maps could provide 
alternative datasets to calibrate Rubin photo-z’s

A preliminary study of this possibility
Simulation over about 2500 sq.deg.  

~80 deg in ra, ~50 deg in dec
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redshift

Use of SDSS galaxies in the redshift 
range 0.5<z<0.7 to create a fiducial 
LSS mass density contrast (δρ/ρ)

 z ∈ [0.5,0.7] corresponds to 840-950 MHz for the 
redshifted 21cm, 3D maps with 0.25 deg. angular 

resolution and 1 MHz along frequency 
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21cm IM x LSST-like galaxy with photo-z catalog (II)

❖ Project galaxies into 3D map, 0.25 deg 
angular resolution, and 1 MHz along 
frequency or redshift  

❖ Compute average cross-correlation, 
along the frequency axis for all sky 
directions (320 x 240 pixels) 

❖ Check how the cross-correlation 
coefficient changes with an offset (shift) 
in the photo-z distribution 

❖ Sky foreground Synchrotron + NVSS 
sources, a gaussian frequency dependent 
beam , corresponding to a dish D ~ 35 m

❖ 0.5 mK noise / 0.25 x 0.25 deg2 x 1 MHz 
pixel

σz = 0.025 (1+z)

σz = 0.035 (1+z)

σz = 0.05 (1+z)
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