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[CII] LIM : Context of mm Ground Based Experiments
● [CII] Intensity mapping : Redshifted to (sub)-mm regime at z > 3.5
● Accessible from Ground based (sub)-mm telescopes [FYST, CONCERTO, TIME, 

SPT-LIM]
● Need to consider Observation and Foreground challenges

2Fig left: NASA LAMBDA archive
Fig right: Simulated [CII] line intensity map (Karoumpis+2021)



Impact of Atmospheric fluctuations
● The atmosphere is a source of brightness temperature 

variations, originating primarily from water molecules.

● Water vapour emission : inhomogeneously distributed, 
results in both temporal and spatial variations of the received 
power. 

● Introduces a low frequency noise (1/f) component : strongly 
correlated between detectors and frequencies in detector 
data-streams 

● Harder to recover large scale power
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Fig : Array of detectors observing through 
inhomogeneous atmosphere (Morris+2022) ;
Adapted with FYST model at Cerro Chajnantor 
(www.ccatobservatory.org)

http://www.ccatobservatory.org


FYST
● The Fred Young Submillimeter Telescope 

(FYST): wide-field, 6-m aperture sub-mm 
telescope. First light in late-2024 built by the 
CCAT-prime collaboration

● Site location: at 5600 meters on Cerro 
Chajnantor in northern Chile.
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Fig above: FYST model at Cerro Chajnantor 
(www.ccatobservatory.org)

Fig left: Simulated Atmospheric transmission spectra for FYST Site 
(Choi et al 2020)

http://www.ccatobservatory.org


EoR-Spec Instrument
● Epoch of Reionization Spectrometer 

(EoR-Spec) Instrument module: 
Fabry–Pérot interferometer (FPI) 
designed for line intensity mapping 
through the Deep Spectroscopic 
Survey

● Optimized to measure [C II] line 
emission from z ~ 8.05 to 3.5

● Bandwidth of the spectrometer: 
210 GHz to 420 GHz, resolving power 
of ∼100

● ~ 6000 detectors per array
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Fig top:  Prime-Cam instrument design 
with the seven instrument modules 
(Vavagiakis+2018) - adapted

Fig bottom:  Example of FPI 
interference pattern (set of concentric 
rings)
(en.wikipedia.org/wiki/Fabry–Pérot_interferomete
r)



EoR-Spec Focal Plane Arrays
● 2 frequency bands, 210-315 GHz 

(two arrays centered at 265 GHz) 
and 315-420 GHz (centered at 
370GHz)

● FPI 2nd and 3rd order resonance 
modes observed simultaneously by 
low and high freq arrays respectively

● 14 FPI steps: shifting the resonant 
frequencies

● FPI will be set in 2nd order for the 
265 GHz array and the 3rd order 
fringe will be detected by the 370 
GHz array.

● Provides simultaneous spectral and 
spatial multiplexing, even at fixed FPI 
setting
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Fig top: First resonance setting. 
There are 14 FPI settings 
covering 210 GHz through 420 
GHz

Fig bottom: 2nd/3rd order FPI 
resonances loads low and high 
frequency detectors respectively 
providing spectral multiplexing.

Credits: Mahiro Abe, Kristin Wu, Thomas Nikola, Kshama Malavalli, EoR-Spec instrument team



Motivation: Need for an End-to-End Simulation Pipeline

● End-to-end simulation framework for 
EoR-Spec data including all noise terms and 
systematics

● Develop Test platform to prepare a variety of 
strategies prior to First-light commissioning 

● Test correlated noise removal and filtering 
techniques

● Data Reduction and test map-making 
methods
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Image: https://leonardo.ai/ AI illustration 

https://leonardo.ai/


                           framework and Atmospheric Model
● Simulation based on Time Ordered 

Astrophysics Scalable Tools (TOAST) 
software framework (https://github.com/hpc4cmb/toast)

● Built on the Errard+2015 (E+15) 3D-model 
of the atmosphere total intensity emission in 
the mm and sub-mm wavelengths. 

● E+15 gives a framework to build correlated 
noise between a pair of detectors, captured 
in a full binned noise covariance matrix
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Fig right: Pair of detectors observes along a line 
of sight. 
Wind is a vector orthogonal to the z-axis and 
moves turbulent structures through the beam 
(from Errard+2015 : Modeling atmospheric emission 
for CMB ground-based observations)

Fig left: Example of TOAST 
Simulated turbulent atmosphere 
(Image Credit: Julian Borrill, 
https://crd.lbl.gov/assets/Uploads/_resample
d/ResizedImage400179-atm-10-30-10v1.gif)
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Datastream Simulations and Results
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Deep Spectroscopic Survey (DSS)
E-COSMOS Field

● ~2000 hrs each field, ~ 5 sq. deg (this simulation: 7 days)
● Simulating boresight pointing and input signal
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Fig:  Galactic Emission from PySM3 simulation included in input signal. 
Telescope detector pointing in small fields shown (in Equatorial coord.)



Simulating instrument noise
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Fig top:  Simulating instrument noise, using detector Noise 
PSD.

Fig left top: Detectors Power Spectrum Density. Left: 
Location of detectors in the focal plane



Detector Observation 
through Atmospheric 

Turbulence
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Fig:  Datastreams of few EoR-Spec detectors for 1 
Observation block (~ 14 minutes, lower panel)

Scan Mode: Constant Elevation Scans
Scan Speed = 0.5 deg s-1 

Scan acceleration = 4.0 deg s-2

Sample rate = 200 Hz
Freq = 232.1 GHz
Tel start "2024-06-01 00:00:00" 
Tel stop "2024-06-07 00:00:00" 



Power Spectral Density (PSD) of Datastream
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How does α vary:
● with scan speeds
● with Quartiles

Fig left:   PSD of simulated datastream - instrument only without 
atmosphere. 

Fig right:   PSD of simulated datastream with obs. through atmospheric 
turbulence. 



Detector - Detector Correlation (lower triangle)

15Requirement: should remove common modes

Fig right: [Including Atmosphere] The patterns relate to common structures of the 
focal plane, introduced by detectors observing through common turbulent structures.

Fig left: [Without Atmosphere] Correlation at instrument 
noise level - mostly white



From Simulated Datastream to Map-Making
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Input Mock Map and Hits Pixel Map
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Map level Data Products 
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Building Data Cubes



Project Summary
❖ Simulation platform to produce large sets of mock EoR-Spec detector data.

❖ Gives us capability to test variety of systematics and scenarios prior to first-light 

❖ End-to-end simulations. To include next:
➢ Incorporating [CO], [CII] input signal maps (e.g. Karoumpis et al 2022)
➢ Include realistic scan strategies and scheduling 
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Early Science Planning steps:

● Test mock pipeline with other scan strategies (example: Pong Pattern from Yoko 
Okada)

● Test various cleaning / filtering strategies at datastream level

● Test common mode removal techniques

● Use known calibration sources to simulate Calibration for EoR-Spec



Thank you for your kind attention
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Backup Slides
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Turbulence Theory
● Turbulence induces a spatial structure in the 

atmospheric signal.

● Kolmogorov model of turbulence: Turbulent energy is 
injected into the atmosphere on large scales (low  
wavenumbers) and energy cascades down until it is 
dissipated on smaller scales.

● For a 3-D volume, the model predicts a power law for 
the turbulence fluctuations that hold in the Inertial 
subrange (Tatarskii 1961)
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Fig top: Energy cascade and dissipation in the energy spectrum 
of turbulence. (en.wikipedia.org/wiki/Energy_cascade)

Fig bottom: Turbulence spectrum models (Hu+2018)



Weather Data 
● Using last 10 years data : Modern-Era Retrospective analysis for Research and Applications 

(MERRA-2) -  satellite microwave observations. Spatial resolution ~ 50 km.
● Track Diurnal/Seasonal Variations: CDFs for each hour over 12 months.
● Use CDFs of the 9 weather parameters based on historical data to draw randomized values. 
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https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/



Comparing PSD with ACT Observation data
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Fig left:   Power Spectral Density of 33 minutes of ACT atmospheric 
stare data. (between May 2017 and January 2021) (Morris+2022) 

Fig right: Average power spectra for four groups of non-scanning TODs 
selected by PWV level (ACT data seasons 2008 - 2011) (Dünner et al. 
2013)



TOAST framework and Atmospheric Model

● Simulation based on Time Ordered Astrophysics 
Scalable Tools (TOAST) framework

● Built on the Errard+2015 (E+15) 3D-model of the 
atmosphere total intensity emission in the mm and 
sub-mm wavelengths. 

● E+15 gives a framework to build correlated noise 
between a pair of detectors, captured in a full binned 
noise covariance matrix

● TOAST defines a rectangular volume of atmosphere 
that contains all of the planned lines-of-sight 
factoring in the wind speed. 

● Simulates the detector signal by performing 
line-of-sight integrals through the simulated volume 
while moving the volume with wind. 26

Fig: Pair of detectors of the focal plane observes 
along a line of sight. Wind is a vector orthogonal to the 
z-axis and moves turbulent structures through the 
beam (E+15)


