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Cosmology & Galaxy Astrophysics in
the Era of Multi-A Surveys

Sensitivity to Gas Properties Near raoo Simons Obs
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Understanding Diffuse Gas in Cosmic Ecosystem is essential for maximizing the scientific returns of these surveys.



Cluster Cosmology in the Stage IV & eROSITA Era
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Galaxy Clusters & Groups are powerful cosmological probes
Systematic Floor: ICM physics (aka baryonic effects)



Cosmic Shear & S8 tension

IntraGroup Medium (IGrM) are
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Constraining IGrM over Cosmic Time
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FornaX will detect groups down to 10" M, to z=1.8, complementary to the wider but shallower eRASS
Goal: constrain baryonic feedback in groups across cosmic time!



https://www.euclid-ec.org/science/overview/

Constraining ICM & IGrM with SZ Power Spectrum
Primary vs. Secondary_ CB
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Complementary approach for constraining cosmology & astrophysics via field-level inference.
Higher-Order Statistics, Cross-Correlations, Simulation-Based Inference (SBI) etc.
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Deconstructing tSZ Power Spectrum

Thermal SZ power spectrum contains significant
contributions from outskirts of low mass
(M<3x10'* Msun), high-z (z>1) groups at 1<5000

8! Energy injection from
Stars and SMBHs
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Red: fiducial model: er=10-6,

Dark Matter Structures

@=0.18, B=0.5, nn=0.8

Calibrated with hydro. sim.
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Tension on small-scale:
baryonic feedback?
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Possible explanations & next steps:

Differences in non-thermal pressure in different sims?

Is Psz = Px? (e.g., clumping, ellipticity, X-ray calibration etc.)
CMB foreground modeling? (e.g., DSFGs)

Check X-ray Power spectrum? (Erwin Lau’s talk on Thursday)
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Deconstructing tSZ Power Spectrum

Thermal SZ power spectrum contains significant
contributions from outskirts of low mass
(M<3x10'* Msun), high-z (z>1) groups at 1<5000

8! Energy injection from
Stars and SMBHs

Dark Matter Structures
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Red: fiducial model: er=10-6,
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. Gas Motions in Clusters @, Evolution of Gas MotionsB
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Possible explanations & next steps:

Differences in non-thermal pressure in cluster outskirts?

Is Psz = Px? (e.g., clumping, ellipticity, X-ray calibration etc.)
CMB foreground modeling? (e.g., DSFGs)

Check X-ray Power spectrum? (Erwin Lau’s talk on Thursday)



Circum-Galactic Medium (CGM)

New Laboratory for Baryonic Feedback & Cosmological Tension

Galaxy Clusters
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Transforming Baryon Census into Cosmic Ecosystem Profiling!



Stacked X-ray measurements of CGM
with eROSITA All Sky Survey (eRASS)

200 = g e S le-5 ‘CEN' sample MW-mass, Zpe. = 0.08 'CEN sample, M31-mass £y =0.12
3 4 AGN+XRB+5AT 4 BG4+ AR +SAT
- Low Mstar High Mstar 15 10974 best-fit f model == e +|‘ .
Star-forming formi 3 - I 1078 bestfit § model ==~
100 1/ % 1¢ Star-forming = E Su v [With mask]l + | _ 3 B o Sy g (With mask) +
. 1 - . Ig_ : Sx_m -+ 'L : — - 5&:,:;{ i
0 1.0 & 10% £ 10%y pemmanodl
1 . 1 e T3 T 3
o G Eemmss e 9 .
2 i h o .
100 i '... ,,,,,, <.:. NN X '__- 0 5 E m.!s! E lﬂﬁ!
- Sy B easde s o ik T s - 0. x E 5 3
“ ] " 3
O ] h
T oy -~ + .
o 200 S0kpe. . g 10%] Zhang+24 169
iy T L v % v »-00 Q o T T T TTTI00 T 1T T1Ti EmR i T~ T T OTTT T 711
> 200 ° 1 F] 107
T, 3 R [ipc) Ry [kpe]
Low Mstar, High Mstar b1 7
. N * ‘CEN' sample, 2M31-mass Zypec = 0.15 104y
10017 °| st L h) 700 Quiescent TG  JEF-0.5 ; rETTE T e )
] . . . w1 s AGN4XRB In central  + & Ly com Anderson et ol 2015
£ : ; 107 B e AGN+XRB in satefite | + 107w vestfit {0y = 1.9, @3 =42)
F i 3 h : misclassified satelite | —
0 - 1 ’ -1.0 v 3 ;- % 104
g ’ § 1073 *‘\ i
A .._.‘ () 3 .} \ '; 104
100 1%, : s \ "W |3
... e -1.5 3 104 \ 4 10%
-200 v v = T =y 3 A4
1 + stacked X-ray (Sy
-200 -100 0 100 200200-100 O 100 200 s ]+ xray trom COM (S, con) | I EAGLE
x " 10 g === bestfit § model of CGM SMBA —
( ) IR T L Il"f") T L KA lol L ”"1'(;“ T T "”.0”

Chadayammuri+22, Comparat+22 Rs lkpc)
Lau+25 for interpretation with CAMELS Tension between eRASS measurements & simulations



CAMELS: Cosmology & Astrophysics
with Machine Learning Simulations
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A series of CAMELS papers (including public

data release in 2022)

Parameter | Value Physical meaning
Range

SN1

SN2
AGN1

AGN2

Og

[0.25, 4] SN energy output per SFR
(NustrisTNG, Astrid)
Mass loading factor (SIMBA)

[0.5, 2] SN wind speed

[0.25, 4] Kinetic AGN feedback energy
(NustrisTNG, Astrid)
AGN jet momentum flux (SIMBA)

[0.5, 2] AGN ‘Burstiness’ (lllustrisTNG)

[0.25,4] Jet speed (SIMBA)

(for Astrid) Thermal AGN feedback energy
(Astrid)

[0.1, 0.5] Matter density
[0.6, 1.0] Matter fluctuation

Note: the same parameter has a different meaning in different subgrid models.



T1lustrisTNG SIMBA

2=9.94

Astrid Magneticum
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Panchromatic Mapping of Gaseous Halos
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A Data-Driven Approach to
the Multi-A Circumgalactic Revolution
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Goal: emulating multi-A surveys for a range of cosmology and galaxy astrophysics
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X-raying CAMELS: Constraining Baryonic
Feedback in CGM with CAMELS & eRASS data
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* Tension: the best-fit X-ray CGM model prefers
enhanced feedback models, but is inconsistent
with the observed stellar fraction

* Implications: (1) systematics in eRASS
stacked measurements or (2) inadequacy in
feedback models in cosmological simulations

* Next Steps: (1) cross-check stacked SZ data
and (2) larger CAMEL box for more groups



Increasing AGN jot speed

Impact of “Baryon Spread” on
Matter Clustering in CAMELS

Increasing baryon spread
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60 - B0th 80 . 100th Gebhardt+24
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£ The “baryon spread” metric is a good predictor of the global

impact of feedback on the large-scale distribution of matter.
Impact of AGN jet speed (Agnp) in SIMBA But, the “baryon spread” is not observable..



Probing Baryonic Feedback & Cosmological Tension
with Fast Radio Bursts (FRB)

Filaments

i ¥ Cosmic Web Filaments
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Probing Baryonic Feedback using FRB

DMcosmic (pc Cm_a)
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Probing Baryonic Feedback using FRB
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Fast Radio Burts (FRBs) are great cosmological
probes as they are direct tracers of ionized
baryons along each sightline as the signal
traverses through the intervening medium.
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Probing Baryonic Feedback with FRB
Insights from CAMELS

Dispersion measure maps over a single box at z = 0.05 for fiducial subgrid models
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Medlock et al. 2024 _,
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Centers of top 300 most massive halos marked with red dots. From right to left, we observe increasing
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Measuring F-parameter with CAMELS

F measurements for the 1P
set for TNG, SIMBA, & Astrid

Observational lower limit at
(99.7% confidence) from 78
FRBs (21 with redshifts)
(Baptista+23)
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Quantifying Feedback Energetics in CAMELS
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Coupling between SN and
AGN feedback

In TNG, increasing ASN1 suppresses
BH growth and total feedback energy.

TNG has more cumulative feedback,
but SIMBA is more efficient in pushing
baryons to greater distances.

Medlock & Neufeld et al. 2024




FRB-based Baryonic Effect Correction Model

Stronger Feedback
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FRB is a powerful probe of the baryonic effects on the matter power spectrum.

This universal relation is independent of the details of subgrid physics of galaxy formation!!

A similar relation holds for the enclosed baryon fraction — interesting to explore with SZ & X-ray surveys
See also Sharma+25 for the limitation of the F-parameter
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Redefining Cosmic Exploration with CAMELS
in the Era of Multi-A surveys

Microwave Optical X-ray

Opportunities

* We are entering the golden age of data-driven cosmology,
with large datasets from simulations & observations

* New frontiers: cosmology with , hon-linear
structures (e.g., galaxies, clusters, cosmic web)

Challenges
* Baryonic Effects on Gas & Dark Matter Halo Profiles
* Large Multi-A maps for a range of cosmology & astrophysics

New Frontiers

1. Computational: /arger CAMELS boxes (clusters+cosmic web)
2. Machine Learning: interpretable & explainable Al/ML for

big data from both sims. & obs.

3. Modeling: forward-modeling multi-A surveys with CAMELS
4. Low-noise + High-resolution: CGM & baryonic effects
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