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Clusters are Connected Through Filaments

Millenium Simulation Project



Vazza+2006 

Temperature Surface Brightness

Zooming on to Clusters



Observables at Cluster Outskirts

Temperature Profile
Surface Brightness Profile 
à Density Profile

Infalling clumps

Vazza+2006 



Direct Imaging of Cluster Outskirts
Evidence for Gas Clumping in Cluster Outskirts

R200

R500

A transition of the smooth state in the virialized region to a clumpy 
intergalactic medium in the infall region outside of r ≈ R500

Vikhlinin et al. in prep.

2.4Msec Chandra XVP observation of A133
Flat-fielded, background-subtracted, point-source subtracted map • Infalling clumps are imaged by Chandra 

observations of A133  

• Clumping factor		is			𝑐 = 	 &'(
)*

&'(*)

• c~2-3 at 0.9R200 (Nagai & Lau 2011)

• c = 1 à ICM is not clumpy

• Surface Brightness:

𝑆𝐵 ∝ ∫ 𝑛01 ∧ 𝑑𝑙 ∝ 𝐶 𝑅 𝜌(𝑟) 1

• If clumpy, SB (ne) is overestimated

• Entropy 𝑆 ∝ 𝑛0
;1/=𝑇 is underestimated(Morandi & Cui, 2013)



Entropy Profiles out to R200

March 15-20, 2015, Snowbird, Utah SnowCluster - The Physics of Galaxy Clusters S. W. Randall

Perseus
Urban+14

10 O. Urban et al.

Figure 7. Azimuthally averaged profiles of the ICM properties for all arms (red) and the subset of relaxed arms (blue). Black arrow indicates the position of
the cold front to the east of the cluster center. Top left: Temperature profile with its best fit model from Vikhlinin et al. (2006) shown as a dashed line. Top
right: Density profile with its best fit β-model (dashed line). Bottom left: Pressure profile with overplotted best-fit theoretical models by Arnaud et al. (2010)
(dashed line) and Planck Collaboration et al. (2013) (solid line). The only free parameter in the fits was r500. Bottom right: Entropy profile. Dashed line shows
the r1.1 power-law with normalization fixed to the value calculated according to Pratt et al. (2010). In solid black line we plot the best fit entropy profile by
Walker et al. (2012b).

3.3.4 Reference Models for the Pressure

Nagai et al. (2007) propose a generalized pressure profile of the
form

P(r)
P500

=
P0

(c500x)γ
[

1 + (c500x)α
](β−γ)/α , (3)

where P500 = 1.45 × 10−11 erg cm−3
( M500
1015h−1 M⊙

)2/3
E(z)8/3, x =

r/r500, c500 is the concentration parameter defined at r500, and the
indices α, β and γ are the profile slopes in the intermediate, outer
and central regions, respectively. E(z) =

√

Ωm(1 + z)3 +ΩΛ is the
ratio of the Hubble constant at redshift z with its present value and
M500 is the total cluster mass enclosed within r500.

Using a set of 33 local (z < 0.2) XMM-Newton clus-
ters with data extending to r < 0.6r200, Arnaud et al. (2010)
find the best fitting parameters to be

[

P0, c500,α, β, γ
]

Arnaud =
[

8.403h−3/270 , 1.177, 1.0510, 5.4905, 0.3081
]

. Recently,
Planck Collaboration et al. (2013) studied the pressure pro-
files of 62 Planck clusters between 0.02r500 < r < 3r500,
finding the best fit set of parameters

[

P0, c500,α, β, γ
]

Planck =

[6.41, 1.81, 1.33, 4.13, 0.31].
Shown in the bottom left panel of Fig. 7, we have fitted the av-

erage Perseus pressure profile with the generalized pressure model
for r < r200, leaving r500 as the only free parameter (while express-
ing M500 as a function of r500 self-consistently) and fixing the other
parameters to the two sets of values mentioned above. The resulting
values for r500 are in agreement with each other: rPlanck500 = 59.7′±0.4′

c⃝ 0000 RAS, MNRAS 000, 000–000
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Entropy Profiles of Nearby Clusters

  

Walker et al. (2013)a
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• Suzaku’s low particle 

background allowed to 

measure entropy out to R200

• Entropy excess in cluster cores 

due to AGN feedback

• Entropy flattening at R200

Entropy 
Flattening

Walker+2012b



Key Questions
• What is the temperature and abundance of ICM at cluster outskirts

• What is entropy at R200? 

• Any indication of entropy flattening or self-similarity?

• Could we detect extended warm gas (kT<1keV) beyond the virial

radius?

• If so, what is the abundance, temperature, and mass of the gas

• Could we detect the bridge filamentary gas connecting cluster pairs?



Best Targets: Nearby Merging Clusters

10.7 arcmin

A1750N

1 Mpc

A1750S

A1750C

A1750S

A1750C

A1750N

1 Mpc

Chandra ObservationsSuzaku Observations

Bulbul+2016

A1750
Z=0.08



Detection of a Warm Gas Along the Filament
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NICER Observations of A1750

(ICM) at the outskirts of clusters, to study the interface between the ICM and WHIM filaments, 
and to possibly detect the denser ends of the WHIM gas filaments where they intersect with 
galaxy clusters. 
Detecting the WHIM is challenging due to its low density and surface brightness. With its 
relatively high effective area and low background, NICER is ideal for detecting faint, diffuse X-
ray emission found in the outskirts of clusters towards the large scale filaments. Extended gas 
(> 0.62 Mpc) was previously observed by Suzaku to the north of the A1750N (z=0.085) cluster 
along the large-scale filament, where one would expect to detect the densest part of the WHIM 
(Bulbul et al. 2016). The measured temperature (0.8keV), flux, and radial extent of this cool gas 
is consistent with the dense ends of the WHIM (Dolag et al. 2006). However, due to the lower 
effective area of the Suzaku CCDs, we could only detect the gas near R200. We propose to 
examine the X-ray properties of gas beyond R200.   

Feasibility: 
The observed surface brightness of the 

filamentary gas (kT=0.8 keV) located near 

the virial radius of A1750 is 10-15 ergs-1 

cm-2 arcmin-2. We simulate an 80 ks NICER 

observation with two thermal 

components (one representing the 

cluster’s thermal emission itself at 
kT=2keV, and additional thermal 

component with kT=0.8 keV (see Figure 

1). We provide the details of the 

background treatment below. 

Treatment of Total X-ray Background: 
We base our NICER background estimate 
on the measured fluxes and temperatures 
from the Suzaku data in the field 

(extracted from a region 19 – 21 arcmin away from the central sub-cluster A1750C in the 
southeast Suzaku pointing) and the ROSAT All Sky Survey (RASS) data (extracted from a 1-2 
degree annulus surrounding the centroid of A17501; see Figure Bulbul et al. 2016 for further 
details). The RASS spectrum was simultaneously fit with the local background Suzaku spectra 
using two Gaussian models for solar wind charge exchange at 0.56 and 0.65 keV, an 
unabsorbed apec model for Local Hot Bubble (LHB) emission, and an absorbed apec model for 
Galactic Halo (GH) emission (Kuntz et al. 2000, Bulbul et al. 2012). The abundances of these 
apec models are set to solar values, while the redshifts are fixed at zero. An absorbed power-
law component with a photon index of 1.4 is added to the model to include emission from 
unresolved extragalactic sources (primarily AGN), although this component is not expected to 

                                                      
1 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl 

Figure 1: Simulated NICER Spectrum of the outskirts of A1750. The 
filamentary gas (red) near the virial radius will be detected by 
moderately long (80 ks) exposure at the 8V  confidence level. The 
contribution from the cluster gas is shown in blue. 

• Origin of the gas is unknown
• Stripped halo gas
• Stripped from ICM?
• Dense end of WHIM?

• 100 ks NICER observations will 

detect the gas at 5σ level

• Off-axis X-ray background 

observations might be necessary!

100 ks NICER 
Simulations of 

A1750 



ICM in between Clusters
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Filaments Connecting Clusters
N. Werner et al.: Detection of hot gas in the filament connecting the clusters of galaxies Abell 222 and Abell 223 L31

Fig. 1. Wavelet-decomposed 0.5–2.0 keV image of Abell 222 (to the
South) and Abell 223 (the two X-ray peaks to the North). We show
only sources with >5σ detection, but for these sources we follow the
emission down to 3σ. The filament connecting the two massive clusters
is clearly visible in the image. The regions used to extract the filament
spectrum and to determine the background parameters are indicated by
red and yellow circles, respectively.

H I radio data (NH = 1.6 × 1020 cm−2, Kalberla et al. 2005). We
modelled the background with four components: the extragalac-
tic power-law (EPL), to account for the integrated emission of
unresolved point sources (assuming a photon index Γ = 1.41
and a 0.3–10.0 keV flux of 2.2 × 10−11 erg s−1 cm−2 deg−2 af-
ter extraction of point sources, De Luca & Molendi 2004); two
thermal components, to account for the local hot bubble (LHB)
emission (k T1 = 0.08 keV) and for the Galactic halo (GH) emis-
sion (k T2 ∼ 0.2 keV); and an additional power-law to account
for the contamination from the residual soft proton particle back-
ground. The best-fitted fluxes, temperatures, and photon indices
of the background components, using the 3.2′ circular extraction
region, are shown in Table 1.

We modelled the spectrum of the filament with a
collisionally-ionized plasma model (MEKAL), the metallicity of
which was set to 0.2 Solar (proto-Solar abundances by Lodders
2003), which is the lowest value found in the outskirts of clus-
ters and groups (Fujita et al. 2008; Buote et al. 2004). However,
since the average metallicity of the WHIM is unknown, we re-
port results also for metallicities of 0.0, 0.1, and 0.3 Solar. The
free parameters in the fitted model are the temperature and the
emission measure of the plasma.

3. Results

3.1. Imaging

We detect the filament in the wavelet-decomposed soft-band
(0.5–2.0 keV) X-ray image with 5σ significance. In Fig. 1,
we show the wavelet-decomposed image produced by setting
the detection threshold to 5σ and following the emission down
to 3σ (for details of the wavelet decomposition technique see
Vikhlinin et al. 1998). There is a clear bridge in the soft emis-
sion between the clusters, which originates in an extended com-
ponent. We note that no such features are detected in any
XMM-Newton mosaics of empty fields in observations of sim-
ilar but also much larger depths. We do not detect the bridge
between the clusters in the 2.0–7.5 keV image.

Fig. 2. The spectrum of the filament between the clusters A 222/223
– the data points on the top were obtained by EPIC/pn and below by
EPIC/MOS. The contributions from the X-ray background and from
the filament to the total model are shown separately.

To verify our result, we created an image modelling the
X-ray emission from the two clusters without a filament with two
beta models determined by fitting the surface-brightness profile
of A 222 and A 223. We then applied the wavelet-decomposition
algorithm to this image, which did not reveal a bridge such as
that observed between A 222 and A 223.

If the emission in the bridge between the clusters originated
in a group of galaxies within the filament, then this group would
be well resolved in the image. Groups of galaxies at the red-
shift of this cluster emit on spatial scales of ≈0.5′ as shown in
Fig. 1 by the six extended sources detected at the 4σ significance
around Abell 222/223 marked by ellipses numbered from 1 to 6.
The filament seen in the image is about 6′ wide, which at the
redshift of the cluster corresponds to about 1.2 Mpc.

The observed filament is about an order of magnitude fainter
than the ROSAT PSPC detected filament reported by Dietrich
et al. (2005). The ROSAT detection was based on an image
smoothed by a Gaussian with σ = 1.75′, and the filament could
be the result of the combination of emission from the cluster
outskirts and from a few previously unresolved point-sources be-
tween the clusters.

The point-sources (mostly AGNs) detected by
XMM-Newton and Chandra do not show an overdensity
between the clusters, and the uniform contribution from the
distant unresolved AGNs was subtracted from our image. Our
detection limit for point sources is ∼0.8 × 10−15 erg s−1 cm−2,
which corresponds to a luminosity of 1041 erg s−1 for the faintest
resolved galaxy at the cluster redshift. The number of X-ray
emitting galaxies with this luminosity required to account for
the observed emission in the filament would be ∼10 times larger
than expected from the distribution function of Hasinger (1998),
assuming a filament over-density of ρ/ ⟨ρ⟩ ∼ 100.

3.2. Spectroscopy

The clusters of galaxies Abell 222 and Abell 223 are bright and
relatively hot. The temperature of A 222, extracted from a region
with a radius of 2′ is 4.43 ± 0.11 keV and the temperature of
southern core of A 223 extracted within the same radius is 5.31±
0.10 keV. However, we focus here on the bridge connecting the
two clusters.

Werner+2008

• 144 ks of A222/223 with XMM-
Newton

• Connecting filament at 3σ 
level

• The filament is ≈1.2 Mpc wide
• Overdensity is 150ρcrit

• kT = 0.91±0.25 keV
• See also Eckert+2016, 

Ogrean+2018



Spectroscopy with Strobe-X XRCA
• NICER will provide a proof of concept 

for cluster outskirts studies for nearby 
clusters z<0.1

• For higher redshift clusters z>0.2, we 
need XRCA’s effective area

• XRCA’s low background, large effective, 
moderate energy resolution are the key!



Challenges

• Entering to a systematic dominated era

• Large PSF (2 arcmin)

• Scattered light from bright cluster core

• Small FOV 

• Lack of imaging capability
• Exclude point sources in the FOV
• Unresolved cosmic X-ray background



The Way Forward
• Lessons to learn from NICER

• Along the way we will figure out how to deal with systematics

• Smaller PSF size would be an advantage 

• Multi pointings is required  to map the filamentary gas due to small 

FOV

• Pointing to observe/measure X-ray background

• Simultaneous imaging observations are essential


