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We are interested in baryon reservoirs

Walker+19

However, 
• Telescopes have sensitivity limit
• X-ray fore/background is 

complicated
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Suzaku mapping of the Perseus outskirts
(Urban+17)

XMM-Newton X-COP 
(Eckert+17, image credit: Vittorio Ghirardini)
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X-ray SB & ICM density at r200c

X-COP(Ghirardini+19)

• ne ∼ 5×10-5 cm-3 -> Δb∼120
• A dense environment
• Outskirts but not boundary

Abell133 (Zhu+23)

• Sx < 10% Sx,sky CosmicWeb@IFPU 4



eRASS stacking of 38 PSZ (CHEX-MATE) clusters

Lyskova+23

• Stray light removed
• Modified Vikhlinin06 profile 

(3+ parameters)

Lyskova+23
(data – bkg) only
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Questions to be addressed

• Where is the boundary of a (gaseous) halo?
• Where do halo – filament connections happen?

• What are the spatial & thermodynamic structures of gas around & 
beyond halo boundary?
• Baryon budget in halos & halo baryon budget in the Universe 
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Stacking eRASS X-ray events

• Given a set of objects with positions 𝑃(𝒙), and a field 𝐹(𝒙)
• 𝜉!" 𝑟 = 𝑃 𝒙 𝐹(𝒙 + 𝒓)

• 𝑃 𝒙 𝐹(𝒙 + 𝒓): profile 𝐹(𝑟) around position 𝒙

• Searching for correlated signal from input objects and the observed 
events
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680 galaxy clusters

• eRASS1 X-ray selected clusters (Bulbul+24)
• 0.03 < z < 0.2
• L0.5-2keV > 2×1043 erg s-1
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r200m based scaled radius
• c200c = 4  for r500c to r200m conversion

Okabe+25
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eROSITA stray light (∼200’ radius)

Stray light of Scorpius X-1

SL profile (dashed line)
(Churazov+22 )

1st order removal:
SL ∼ net map ∗ SL profile
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SB with background (SL removed)

• eROSITA TM8
• 680 objects

Strong X-ray “background”
• 15 cts s-1 deg-2 for TM8
• Mostly from Milky way 
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Merit of all-sky stacking - remove uncorrelated components

Source free eRASS:4 field 500 realizations of randomized cluster positions

∼0.3% relative scatter

CosmicWeb@IFPU 12



Profiles in four individual sectors
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Decomposing correlated and uncorrelated components

Component Formalism

One-halo
𝜖#$(𝑟) = 𝑛 𝑟 %Λ; 
𝑛 𝑟 = &!

"
"#

$
#' "

"#

% ('($)/% (gNFW, Nagai+07)

Two-halo 𝜖%$(𝑀, 𝑟) = 𝐴×𝜉 𝑟 𝑏 𝑀 3𝑛 𝑀( 𝑏 𝑀( 𝐿 𝑀( d𝑀′

Background Constant model
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Note: there is additional non-halo gas emission in 2-h



Inner profile: Cluster 
emission itself
(1-h)

Outer profile: Emission 
from nearby objects that 
correlated with the 
cluster
(2-h)

Uncorrelated background
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Fitting with only 1-h?

There is an additional 
flatter slope component…

Model comparison: w/ & w/o 2-h
Bayes Factor = exp(11)
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Deprojected gas density profile (gNFW)

1-2 r500c 
Density at r200m: Δb ∼ 20
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3D gas structure from IllustrisTNG

TNG300-1  z=0 snapshot
• 159 halos with M500c > 1014 M☉

X-ray map of Halo id 32
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Every cluster connects to filaments

Example: Column density 768 (HEALPix NSIDE=8) l.o.s. from 1 to 5 r200m

Void Filament

Filament
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To-filament vs. to-void

Sketch from Anbajagane+22 CosmicWeb@IFPU 20



To-filament vs. to-void

Where do to-fil thermodynamic profiles deviate from 
to-void profiles?

Temperature ∼2-3R200m (Rshock)
Pressure ∼R200m

Entropy ∼R200m

Density ∼R200m

Δb at accretion shock ≲ 1
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The 2-h in simulations: 2d emission profiles

• Rest-frame 0.2-2.3 keV band
• 20 Mpc projection depth

The 2-h formalism (or 𝜉mm) can 
well fit the outer profile
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Comparison between true & best-fit 1-h profile

Radial variations of T & Z
has little impact.

Tests on three profile models
- gNFW
- Vikhlinin06
- Lyskova+23 (modified V06)
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Should we worry about clumping?

• Clumping: inhomogeneity of halo atmosphere
• Subhalos
• Triaxiality 
• Shock/cold fronts
• Density fluctuation due to turbulence 
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Clump radial profiles from simulations

Volume weighted emission profile of associated 
Subfind halo (>1013 M⊙) from TNG300

• 2-h term takes clumps into account

Magneticum clump number density 
(Angelinelli+21)
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Should we worry about clumping?

Angelinelli+21 Nagai+11

Emergence of cosmic filaments
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Estimation of rshock
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DM X-ray (gas)

TNG300-1 z=0 ID32
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Baryon depletion & gas fraction

Assume that every halo has complete 
baryon 
• For log M/Msun > 10 halos

•
!"
!#

∫ # $ %$

&"
= 0.067

• Cosmic filaments are the right place 
to search for the missing baryon. 

Flatter than TNG model 
r200m is the baryon enclosure radius
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Stacking of cosmic filaments
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Galaxy sample
e.g., SDSS BOSS

Filament finder(s)
Malavasi+20

Maps of:
• X-ray
• Radio
• Compton-y
• WL convergence
• Galaxy distribution
• etc.

Sample of LRG pairs

Also
Bonjean+20, 
Tanimura+20b, 
Tanimura+22, etc.

Also
de Graaff+19, 
Tanimura+19, 
Vernstrom+21, 
Hodgeson+22, etc. 

Extracting LSS information 
from different surveys

Tanimura+20a

Epps+17

Sample of cluster pairs
Planck Collaboration+13, Isopi+25
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Malavasi+20 DisPerSE 
catalog (SDSS-BOSS based)
• 20 < Length (Mpc) < 100
• 0.2< z < 0.6

• 2300 deg2 eRASS:4 X-ray sky 
• 3D structure of the 7817 

cosmic filaments

32

Length is directly from DisPerSE

MPE Press release
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Source masking

• eRASS:4 detections
• eRASS1 clusters (Bulbul+24)
• redMaPPer 𝝺>20 clusters

(Kluge+24)
• Foreground groups 

(Tinker+21)
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0.3-1.2 keV eRASS:4 map
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• Stacking weight: exposure
• Local background subtracted
• Uncertainty: sky pixel 

bootstrapping
• Control sample: randomized 

filament positions

Stacked profile

34

Zhang+2024
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Galaxy based contamination signal modeling

Scaling relation
Lx(M*, z) -> Fx(M*, z, RA, DEC)

LS galaxy catalog (Zou+19)
• RA, DEC
• z
• M* Galaxy (halo) 

emission map
Galaxy (halo) 
emission profile

Stacking
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Painted galaxy emission map

Stacked profiles from the galaxy 
emission map
• ∼40% “contamination” 

log M*

lo
g 

L x
(e

rg
 s-

1 )

Model scaling relation
CGM:Anderson+15
AGN:Comparat+19,23
XRB: Lehmer+19
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Stellar mass measurement discrepancy
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Version 04.2024
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M*

y-M* relation (Planck collaboration+13)
M*: NYU-VAGC (Blanton&Roweis07)

RASS Lx-M* relation (Anderson+15)
M*: NYU-VAGC (Blanton&Roweis07)

J. Comparat’s Mock
(Comparat+20,23)
• Anderson+15 Lx-M* relation
• UniverseMachine SMF 

(Behroozi+19)

eRASS Lx-M* relation (Zhang+24)
M*: Chen+12

The 4th version of M*:
LS galaxy catalog (Zou+19)
for galaxy emission map 
painting in this work
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Use Zou+19 as a referenceCosmicWeb@IFPU 38



Galaxy completeness & SMF discrepancy

M* > 1011.2 M⊙: 
SMF slope inconsistency, sensitive to 
M* measurement 

Conservative decision:
No further M* correction

M* < 1011.2 M⊙: 
Observed galaxies are incomplete
Fpaint = Fpredict / completeness

Log M*

SM
F 

ra
tio

Low completeness

Bias of measured M* 
in Zou+19

Stellar mass function ratio Zou+19 / UniverseMachine
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High M

Lo
w

 M

High M

High M

Halo
AGN

Low M

XRB

Low M

Contamination fractions

High M: M* > 1011 M⊙
Low M: M* < 1011 M⊙

• Over half contamination is from 
X-ray halos (group size)
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Stacked rest-frame spectra
Components:
• APEC (Z = 0.2 × Z⊙) [Norm, kT]
• Contamination sources [Norm]
• Halo gas
• AGN
• XRB

Best-fit “representative” temperature 
0.58 ± 0.1 keV  (106.8 Kelvin)

0—10 Mpc region with 
10—20 Mpc local bkg subtracted

• Approach of blueshift & stack (Bulbul+14) 
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Profile modeling

Two-phase modeling: 
Volume filling phase + X-ray emitting phase

Assumptions for X-ray emitting phase:
• King-profile
• log ysz : -8.5
• Isothermal gas

• Log +Δ' = 1.88 ± 0.2
(volume averaged)

• only ∼1% of the total volume
All Subfind halos removed
Contour: 50% enclosed contribution42

Zhang+2024
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What phase do we stack?

Galarraga-Espinosa+22

The broad phase distribution comes from:
• Multiphase in individual filaments
• Phase “scaling relation” of different 

filament population
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Take-home messages

Cluster stacking Filament stacking
• Galaxy clusters are not isolated 
• ∼r200m :
• Intersection between 1-h and 

2-h
• Baryon enclosure radius

• rshock can be indirectly estimated

• Understand halo contamination 
is more difficult than getting 
signal

• X-ray is mostly from high density 
hot gas
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Open discussions

CosmicWeb@IFPU 45



1. Is there a clear boundary between gaseous halos and the cosmic 
web environment?

2. Can accretion (external) shocks be directly observed with X-ray?

3. Regarding to splashback radius measurements, are we talking about 
the splashback feature or 1h-2h intersection? Are they same?

4. What is the minimal halo-halo separation to define a “filament”?
• Double r200m or double rshock?
• Is a 7 Mpc bridge between two clusters a filament?

5. Better way to remove contamination from filament stacking?
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Halo – environment boundary?

1. Is there a clear boundary between gaseous halos and the cosmic 
web environment?

2. Is there a boundary between ICM and WHIM?
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Can accretion (external) shocks be directly 
observed with X-ray?
• Post-shock density is about cosmic mean baryon density
• Post-shock SB: ∼1/100 of 2-h SB, ∼1/10,000 of sky SB.
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Splashback radius measurements: 
true splashback feature or 1h-2h intersection?

Widely used log-slope method 
(Adhikari+14)
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Chang+18
Umetsu+17

More+16 CosmicWeb@IFPU 50



• The log-slope valley can be easily produced by a 
gnfw + flat power law combination 

CosmicWeb@IFPU 51



CosmicWeb@IFPU 52

Trajectories of DM particles (Mansfield+17)

Splashback: Sharp edge of DM



Are those filaments?

A222-223: 2.8 Mpc
(Werner+08)

A3016-3017: 1 Mpc
(Parekh+17, Chon+19)

A3391-3395: 2.6 (15) Mpc
(Sugawara+17, Alvarez+18, 
Reiprich+21, Veronica+24)

A3667-3651: 13 Mpc
(Dietl+24)

A3532-3528: 4.3 Mpc
(Migkas+25)

A98NS
(Alvarez+22)
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What are filaments?

Cluster pairs in Planck Collaboration+13
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What are filaments?

• A typical cluster pair with their r200m touched: ≳ 5 Mpc

• Can pairs solve the “missing baryon problem”?

• Is a filament a chain of halos?

CosmicWeb@IFPU 55



CosmicWeb@IFPU 56

Better way to remove contamination from 
filament stacking?


