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What is Circumgalactic medium?



What is circumgalactic 
medium? What!!

When someone went for the US Visa interview….. 



Circumgalactic medium

Galactic halos/galaxies 

Dark matter Baryons

Central, optically visible part of the galaxy

Diffuse hot gas surrounding the central part, 
extending  upto virial radius 



Different phases of CGM 

Cold CGM => T < 104 K

Cool CGM => 104 < T < 105 K

Warm CGM => 105 < T < 106 K

Hot CGM => T > 106 K



Different phases of CGM 

Cold CGM => T < 104 K

Cool CGM => 104 < T < 105 K

Warm CGM => 105 < T < 106 K

Hot CGM => T > 106 K



Motivation

Galactic missing baryon problem



Motivation

Galactic missing baryon problem

Lamdba-CDM predicts that baryons hold ~ 16% of the 
total galactic mass



Motivation

Galactic missing baryon problem

Lamdba-CDM predicts that baryons hold ~ 16% of the 
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Approximately half of these baryons observationally missing!  
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 Suresh et al. 2015.

Constraining the CGM properties         Additional probe of the
 feedback.

Feedback and CGM

Tools: SZ effect and X-ray emission

Suresh et al 2015

Constraining CGM properties provides an additional probe of 
feedback 
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Motivation

Galactic missing baryon problem => Can 
CGM play a crucial role?

The connection between feedback and CGM.

Amount of CGM, its density and temperature.

Tools =>  Sunyaev-Zel’dovich (SZ) effect and X-ray emission.



SZ effect

Inverse Compton scattering of low energy CMB photons by 
high energy intervening medium.

Thermal SZ (tSZ): High energy of scattering medium due to 
its high temperature.

y = (kb Te ne σT L)/mec2

Kinetic SZ (kSZ): Due to bulk motion. 

y = (vlos ne σT L)/mec2



SZ-X-ray

SZ effect comes as ne x Te whereas X-ray emission is 
∝ne2.	

SZ effect can trace gas out large distances whereas X-
ray is sensitive to the inner parts. 

Both  SZ  effect  and  X-ray  emission  have  been 
extensively used to study galaxy clusters.

Difficult to detect these signals in individual galaxies 
=> Stacking.
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SZ-X-ray

SZ effect comes as ne x Te whereas X-ray emission is 
∝ne2.	

SZ effect can trace gas out large distances whereas 
X-ray is sensitive to the inner parts. 

Both  SZ  effect  and  X-ray  emission  have  been 
extensively used to study galaxy clusters.

Difficult  to  detect  these  signals  in  individual 
galaxies => Stacking.



SZ and X-ray datasets

SZ: Planck collaboration et al. 2013 (P13)       
Planck + SDSS

X-ray: Anderson et al. 2015 (A15)                   
ROSAT + SDSS
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Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Table 1. Summary of tSZ and X-ray datasets used here.
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different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the
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P13 do not directly measure Ỹ500 due to the large beam
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tSZ signal within a much larger aperture of size 5R500, which
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The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr
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r

2Pe(r
′)r′dr′√
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The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this

© 0000 RAS, MNRAS 000, 000–000

2 Singh, Majumdar, Nath and Silk

Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500

r

2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,

fgas =
4πµemp

Mv

! Rv

0

dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial

∥ http://getdist.readthedocs.io/en/latest/index.html
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Table 1. Summary of tSZ and X-ray datasets used here.

logM∗ logM500(M⊙) Ỹ500 ± σỸ500 logLCGM
X ± σLCGM

X z̄ Number of LBGs stacked
M⊙ P13(A15) 10−6arcmin2 log ergs/s P13(A15)

11.15 12.97 (13.09) 1.7 ± 1.0 40.99 ± 0.11 0.135 22085 (18430)

11.05 12.71 (12.91) 1.27 ± 0.78 40.55 ± 0.53 0.127 26026 (21583)

10.95 12.62 (12.75) 1.54 ± 0.60 40.28 ± 0.48 0.113 28325 (22689)

10.85 12.40 (12.60) - 39.28 ± 0.93 0.105 27866 (22490)

A15, whose data include those of galaxy clusters and groups.
A single characterization of hot gas is not expected in such
different classes of objects.

2 Datasets

In this section, we describe the datasets used here and the
physical processes underlying tSZ effect and X-ray emission.

2.1 Thermal SZ effect

It has been difficult to detect tSZ signal from galaxies due
to their small gas reservoir. However, this situation can be
improved upon by stacking a large number of galaxies thus
increasing the signal-to-noise ratio (SNR).

P13 stacked Planck tSZ signal from a large number
(∼ 2.5 × 105) of locally brightest galaxies (LBGs), divided
into twenty logarithmically equally spaced stellar mass bins.
They detected the stacked signal with SNR > 3σ at M∗ >
2 × 1011M⊙ (M500‡> 2 × 1013M⊙), whereas, the stacked
signal is marginally detected (SNR ∼ 1.6 to 2.6σ) down to
M∗ ∼ 1011M⊙ (M500 ∼ 4 × 1012M⊙). The LBG sample
is obtained after applying a series of selection criteria on
New York University Value Added Galaxy Catalogue based
on SDSS-DR7 (see P13 for details of the selection criteria).
The selection criteria ensure that each galaxy in the sample
is central to its dark matter halo. The stellar mass of each
LBG is obtained from SDSS photometry (Blanton & Roweis
2007). In order to connect the stellar mass to the host dark
matter halo properties, P13 made use of a mock galaxy cat-
alogue created by Millennium Simulation which is tuned to
mimic the SDSS galaxy catalogue (Springel et al. 2005; Guo
et al. 2013).

The stacked tSZ signal, Y500 is the Compton y-
parameter integrated over the sphere of radius R500,

Y500 =
σT

mec2D2
A(z)

! R500

0

PedV, (1)

where DA is the angular diameter distance, Pe = nekbTe

is the electron pressure, ne and Te are electron density and
temperature, respectively. Instead of dealing directly with
Y500, the results are shown in terms of Ỹ500, which is the

‡ Mass enclosed within a radius R500 such that the mean density
is 500 times the critical density of the Universe.

tSZ signal scaled to z = 0 and to a fixed angular diameter
distance. It is related to Y500 as

Ỹ500 ≡ Y500E
−2/3(z)(DA(z)/500Mpc)2 (2)

P13 do not directly measure Ỹ500 due to the large beam
size of Planck. Instead, they measure cylindrically integrated
tSZ signal within a much larger aperture of size 5R500, which
is given by,

Ycyl =
σT

mec2D2
A(z)

! 5R500

0

2πrdr

! 5R500

r

2Pe(r
′)r′dr′√

r′2 − r2
(3)

The cylindrical tSZ signal, Ycyl is then converted into
Y500 assuming a pressure profile of the gas. P13 assume
that the gas follows Universal pressure profile (Arnaud
et al. 2010) to convert Ycyl to Y500. The conversion factor
(Ycyl/Y500) is close to two for the Universal pressure profile
(Le Brun, McCarthy & Melin 2015; Greco et al. 2015). How-
ever, this conversion factor may vary significantly for differ-
ent pressure profiles and halo masses (Greco et al. 2015).
Therefore, it is appropriate to compare the results for other
gas distributions with cylindrical tSZ signal. In this paper,
we use Equation 3 to compute Ỹcyl for other pressure profiles
and then compare our predictions directly with the measure-
ments of cylindrical tSZ signal.

2.2 X-ray emission

The hot phase of CGM also manifests itself in X-rays due to
its high temperature. A15 stacked X-ray luminosity of LBGs
in the soft X-ray band (0.5-2 keV) of ROSAT all sky sur-
vey, thus detecting X-ray emission from the hot gas down to
M∗ ∼ 1010.8M⊙. Additionally, they measured X-ray emis-
sion arising only from region (0.15 − 1) × R500, referring
to it as the circumgalactic emission. They start with the
same sample of LBGs as used by P13 and apply additional
selection criteria (see section 3.1 and Figure 1 of A15) thus
producing a slightly smaller sample of LBGs. A15 estimated
the effective halo mass, M500 for twelve highest stellar mass
bins of the sample using their best-fitting LX − M500 re-
lation, whereas P13 used their Y500 − M500 relation with
Arnaud et al. (2010) pressure profile to get M500. The dif-
ference between the two is small. The LBGs span a redshift
range ∼ 0.1−0.14 in the mass range of interest. We summa-
rize both datasets in the mass range of our interest in Table
1. The uncertainties quoted in the table (and used in this
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500

r

2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,
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4πµemp

Mv

! Rv

0

dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500
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2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,
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where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
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LCGM
X =

! R500

0.15R500

2πrdr

! R500

r

2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.
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where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500

r

2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,

fgas =
4πµemp
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0

dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500
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2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,
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4πµemp
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0

dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙

#αT

(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
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LCGM
X =

! R500

0.15R500

2πrdr

! R500
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2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.
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where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg
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(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
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X =
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where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,

fgas =
4πµemp

Mv

! Rv

0

dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,
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The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
lation,

LCGM
X =

! R500

0.15R500

2πrdr

! R500

r

2neniΛ(Z, Te)r
′dr′√

r′2 − r2
, (4)

where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.
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dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙
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fT = f12
" Mv
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The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.
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cosmology throughout this paper.
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where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,
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where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙
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The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Figure 1. The 68% CL contours for αfg and αT computed us-
ing MCMC. The solid (red) lines and contour correspond to the
power-law model whereas dashed (green) lines and contour cor-
responds to hydrostatic hot halo model.

work) are bootstrap errors and the mean redshift is com-
puted from the mean luminosity distances. We use WMAP7

cosmology throughout this paper.
Analytically, the X-ray luminosity of the hot CGM

(0.15R500 to R500) can be computed using the following re-
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X =
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where, Z is the CGM metallicity, ni is the proton density
and Λ(Z, Te) is the cooling function. We use the Astrophys-
ical Plasma Emission Code (APEC; Smith et al. 2001) to
calculate Λ(Z, T ). We fix the CGM metallicity at Z = 0.2
(Li et al. 2017) for our main results and explore the effects
of a different metallicity in section 4.3. Similar to tSZ re-
sults, we scale the X-ray luminosity to z = 0, denoted by,
L̃CGM

X = LCGM
X E−7/3(z).

3 CGM density and temperature

We use Markov chain Monte Carlo (MCMC)§ analysis to
determine the CGM density and temperature. We explore
the following two spherical gas distributions.

3.1 A power-law model

First, we consider a simple power-law density profile given
by ne(r) ∝ r−3β. The power-law density profile is equivalent
to a standard β-model at radii larger than the core radius.
The gas fraction fgas (i.e. the ratio of gas mass within the
virial radius Rv and the total halo virial mass Mv¶) is given

§ emcee; Foreman-Mackey et al. 2013
¶ We define the virial mass and virial radius in terms of overden-
sity, ∆c(z) = 18π2 + 82(ΩM (z) − 1) − 39(ΩM (z)− 1)2.

Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

by,
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4πµemp
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dr r2 ne(r), (5)

where µe(= 1.36) is the mean molecular mass per elec-
tron. We assume the gas to be isothermal (to keep the model
simple and reduce the number of free parameters), at tem-
perature fT times the virial temperature of the halo, i.e.
Tgas = fT × Tvir, where,

Tvir =
µmpGMv

2kbRv
. (6)

Here µ (=0.59, for primordial ionized gas) is the mean
molecular weight of the gas. We then use fgas and fT to
define the free parameters of our model, namely αfg and
αT , given by,

fgas =
ΩB

ΩM

" Mv

1015M⊙

#αfg

fT = f12
" Mv

1012M⊙
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(7)

The functional form of fgas is inspired from the observed
deficit of hot gas in lower mass systems compared to the
massive haloes (Bell et al. 2003; McGaugh et al. 2010), with
the hot gas mass being close to the cosmic baryon fraction
in the clusters. We use MCMC analysis to constrain αfg and
αT . For both parameters, we use uniform priors large enough
that they do not affect the results of the fitting process.
GetDIst python package∥ is used to analyze and plot the
results of MCMC analysis.

There are two more free parameters f12 (the value of fT
at Mv = 1012M⊙) and β in the formalism described above.
The observed temperature of the hot gas in the Milky Way
(Miller & Bregman 2015) and external galaxies with Mv !
1012M⊙ (Li et al. 2017) is generally ! 2× 106K. Therefore,
we fix f12 ∼3.4 (for the above mentioned definition of virial
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Table 2. X-ray-tSZ joint constraints from MCMC analysis.

Model αfg (Mean ± 68% CL) αT (Mean ± 68% CL) fgas (1012M⊙) fgas (1013M⊙)

β = 0.4 0.24± 0.061 −0.59+0.071
−0.12 3.2+1.7

−1.1 % 5.5+1.8
−1.4 %

Hydro 0.48+0.027
−0.051 −0.33+0.052

−0.023 0.6+0.3
−0.1 % 1.8+0.5

−0.2 %

temperature). We find that the reduced-χ2 → 1 for β = 0.4.
A flatter gas distribution (β < 0.4) gives a bad fit to the
data (reduced-χ2 > 1), whereas a steeper gas distribution
(β > 0.4) over-fits the datasets (reduced-χ2 < 1). Therefore,
we fix β = 0.4 for the rest of the analysis.

In Figure 1, we show the one and two dimensional pro-
jections of model parameters’ posterior probability distri-
bution and their 68% confidence limit (CL) contours. The
best-fitting values of the model parameters are represented
by the mean of posterior distribution, whereas their uncer-
tainties are represented by the one dimensional 68% CL (see
Table 2).

For the power-law model, we obtain αfg = 0.24± 0.061
which translates to fgas ∼ 3.2+1.7

−1.1% and 5.5+1.8
−1.4% (i.e. a

baryon budget of ∼ 20% and 30%) for virial masses Mv =
1012 and 1013M⊙, respectively. The hot CGM fraction in-
creases to 7.7 (13)% at Mv = 1012 (1013)M⊙ i.e. a baryon
budget of 46 (78)%, if the same gas density profile is extrapo-
lated out to 2Rv . The best-fitting value of αT = −0.59+0.071

−0.12

compensates for the increasing virial temperature with virial
mass, giving Tgas ∼ 0.21+0.04

−0.05 keV at Mv ∼ 1013M⊙. The
constraints on αfg and hence hot gas fraction are driven by
the X-ray measurements as the X-ray luminosity is highly
sensitive to the underlying gas distribution. However, X-ray
emission weekly depends on the gas temperature thus giving
poor constraints on αT . On the other hand, tSZ is degen-
erate between gas density and temperature. Combining tSZ
with X-ray breaks this degeneracy and the constraints on
αT are primarily driven by tSZ, which favours a lower gas
temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) ∝ exp
!

−
"µmpGMv

kbTgasRs

# 1− log(1 + r/Rs)/(r/Rs)

log(1 +Cv)− Cv/(1 +Cv)

$

(8)
where Rs(≡ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Duffy et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 7.

A hydrostatic model (reduced-χ2 ≈ 0.64) prefers a
higher value of αfg and hence a lower gas fraction. The best-
fitting value of αfg ∼ 0.48+0.027

−0.051 predicts fgas ∼ 0.6+0.3
−0.1%

and 1.8+0.5
−0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M⊙, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value

of αT ) than a simple power-law gas distribution. The best-
fitting value of αT ∼ −0.33+0.052

−0.023 gives Tgas ∼ 0.38+0.05
−0.02 keV

at Mv = 1013M⊙. The main difference between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly affects its gas den-
sity profile (see Equation 8). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ∼ 2.2
(4)% at Mv = 1012 (1013)M⊙ i.e. a baryon budget of ∼ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger
uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ∼ 1.3×1012M⊙ which translates to M500 ∼ 8.2×1011M⊙.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3×1012M⊙ (at
r > 0.15 × R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M⊙), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ∼ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne ∝
r−3β) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including
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Table 2. X-ray-tSZ joint constraints from MCMC analysis.

Model αfg (Mean ± 68% CL) αT (Mean ± 68% CL) fgas (1012M⊙) fgas (1013M⊙)

β = 0.4 0.24± 0.061 −0.59+0.071
−0.12 3.2+1.7

−1.1 % 5.5+1.8
−1.4 %

Hydro 0.48+0.027
−0.051 −0.33+0.052

−0.023 0.6+0.3
−0.1 % 1.8+0.5

−0.2 %

temperature). We find that the reduced-χ2 → 1 for β = 0.4.
A flatter gas distribution (β < 0.4) gives a bad fit to the
data (reduced-χ2 > 1), whereas a steeper gas distribution
(β > 0.4) over-fits the datasets (reduced-χ2 < 1). Therefore,
we fix β = 0.4 for the rest of the analysis.

In Figure 1, we show the one and two dimensional pro-
jections of model parameters’ posterior probability distri-
bution and their 68% confidence limit (CL) contours. The
best-fitting values of the model parameters are represented
by the mean of posterior distribution, whereas their uncer-
tainties are represented by the one dimensional 68% CL (see
Table 2).

For the power-law model, we obtain αfg = 0.24± 0.061
which translates to fgas ∼ 3.2+1.7

−1.1% and 5.5+1.8
−1.4% (i.e. a

baryon budget of ∼ 20% and 30%) for virial masses Mv =
1012 and 1013M⊙, respectively. The hot CGM fraction in-
creases to 7.7 (13)% at Mv = 1012 (1013)M⊙ i.e. a baryon
budget of 46 (78)%, if the same gas density profile is extrapo-
lated out to 2Rv . The best-fitting value of αT = −0.59+0.071

−0.12

compensates for the increasing virial temperature with virial
mass, giving Tgas ∼ 0.21+0.04

−0.05 keV at Mv ∼ 1013M⊙. The
constraints on αfg and hence hot gas fraction are driven by
the X-ray measurements as the X-ray luminosity is highly
sensitive to the underlying gas distribution. However, X-ray
emission weekly depends on the gas temperature thus giving
poor constraints on αT . On the other hand, tSZ is degen-
erate between gas density and temperature. Combining tSZ
with X-ray breaks this degeneracy and the constraints on
αT are primarily driven by tSZ, which favours a lower gas
temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) ∝ exp
!

−
"µmpGMv

kbTgasRs

# 1− log(1 + r/Rs)/(r/Rs)

log(1 +Cv)− Cv/(1 +Cv)

$

(8)
where Rs(≡ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Duffy et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 7.

A hydrostatic model (reduced-χ2 ≈ 0.64) prefers a
higher value of αfg and hence a lower gas fraction. The best-
fitting value of αfg ∼ 0.48+0.027

−0.051 predicts fgas ∼ 0.6+0.3
−0.1%

and 1.8+0.5
−0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M⊙, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value

of αT ) than a simple power-law gas distribution. The best-
fitting value of αT ∼ −0.33+0.052

−0.023 gives Tgas ∼ 0.38+0.05
−0.02 keV

at Mv = 1013M⊙. The main difference between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly affects its gas den-
sity profile (see Equation 8). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ∼ 2.2
(4)% at Mv = 1012 (1013)M⊙ i.e. a baryon budget of ∼ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger
uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ∼ 1.3×1012M⊙ which translates to M500 ∼ 8.2×1011M⊙.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3×1012M⊙ (at
r > 0.15 × R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M⊙), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ∼ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne ∝
r−3β) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including
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Table 2. X-ray-tSZ joint constraints from MCMC analysis.

Model αfg (Mean ± 68% CL) αT (Mean ± 68% CL) fgas (1012M⊙) fgas (1013M⊙)

β = 0.4 0.24± 0.061 −0.59+0.071
−0.12 3.2+1.7

−1.1 % 5.5+1.8
−1.4 %

Hydro 0.48+0.027
−0.051 −0.33+0.052

−0.023 0.6+0.3
−0.1 % 1.8+0.5

−0.2 %

temperature). We find that the reduced-χ2 → 1 for β = 0.4.
A flatter gas distribution (β < 0.4) gives a bad fit to the
data (reduced-χ2 > 1), whereas a steeper gas distribution
(β > 0.4) over-fits the datasets (reduced-χ2 < 1). Therefore,
we fix β = 0.4 for the rest of the analysis.

In Figure 1, we show the one and two dimensional pro-
jections of model parameters’ posterior probability distri-
bution and their 68% confidence limit (CL) contours. The
best-fitting values of the model parameters are represented
by the mean of posterior distribution, whereas their uncer-
tainties are represented by the one dimensional 68% CL (see
Table 2).

For the power-law model, we obtain αfg = 0.24± 0.061
which translates to fgas ∼ 3.2+1.7

−1.1% and 5.5+1.8
−1.4% (i.e. a

baryon budget of ∼ 20% and 30%) for virial masses Mv =
1012 and 1013M⊙, respectively. The hot CGM fraction in-
creases to 7.7 (13)% at Mv = 1012 (1013)M⊙ i.e. a baryon
budget of 46 (78)%, if the same gas density profile is extrapo-
lated out to 2Rv . The best-fitting value of αT = −0.59+0.071

−0.12

compensates for the increasing virial temperature with virial
mass, giving Tgas ∼ 0.21+0.04

−0.05 keV at Mv ∼ 1013M⊙. The
constraints on αfg and hence hot gas fraction are driven by
the X-ray measurements as the X-ray luminosity is highly
sensitive to the underlying gas distribution. However, X-ray
emission weekly depends on the gas temperature thus giving
poor constraints on αT . On the other hand, tSZ is degen-
erate between gas density and temperature. Combining tSZ
with X-ray breaks this degeneracy and the constraints on
αT are primarily driven by tSZ, which favours a lower gas
temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) ∝ exp
!

−
"µmpGMv

kbTgasRs

# 1− log(1 + r/Rs)/(r/Rs)

log(1 +Cv)− Cv/(1 +Cv)

$

(8)
where Rs(≡ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Duffy et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 7.

A hydrostatic model (reduced-χ2 ≈ 0.64) prefers a
higher value of αfg and hence a lower gas fraction. The best-
fitting value of αfg ∼ 0.48+0.027

−0.051 predicts fgas ∼ 0.6+0.3
−0.1%

and 1.8+0.5
−0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M⊙, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value

of αT ) than a simple power-law gas distribution. The best-
fitting value of αT ∼ −0.33+0.052

−0.023 gives Tgas ∼ 0.38+0.05
−0.02 keV

at Mv = 1013M⊙. The main difference between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly affects its gas den-
sity profile (see Equation 8). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ∼ 2.2
(4)% at Mv = 1012 (1013)M⊙ i.e. a baryon budget of ∼ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger
uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ∼ 1.3×1012M⊙ which translates to M500 ∼ 8.2×1011M⊙.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3×1012M⊙ (at
r > 0.15 × R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M⊙), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ∼ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne ∝
r−3β) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including
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Table 2. X-ray-tSZ joint constraints from MCMC analysis.

Model αfg (Mean ± 68% CL) αT (Mean ± 68% CL) fgas (1012M⊙) fgas (1013M⊙)

β = 0.4 0.24± 0.061 −0.59+0.071
−0.12 3.2+1.7

−1.1 % 5.5+1.8
−1.4 %

Hydro 0.48+0.027
−0.051 −0.33+0.052

−0.023 0.6+0.3
−0.1 % 1.8+0.5

−0.2 %

temperature). We find that the reduced-χ2 → 1 for β = 0.4.
A flatter gas distribution (β < 0.4) gives a bad fit to the
data (reduced-χ2 > 1), whereas a steeper gas distribution
(β > 0.4) over-fits the datasets (reduced-χ2 < 1). Therefore,
we fix β = 0.4 for the rest of the analysis.

In Figure 1, we show the one and two dimensional pro-
jections of model parameters’ posterior probability distri-
bution and their 68% confidence limit (CL) contours. The
best-fitting values of the model parameters are represented
by the mean of posterior distribution, whereas their uncer-
tainties are represented by the one dimensional 68% CL (see
Table 2).

For the power-law model, we obtain αfg = 0.24± 0.061
which translates to fgas ∼ 3.2+1.7

−1.1% and 5.5+1.8
−1.4% (i.e. a

baryon budget of ∼ 20% and 30%) for virial masses Mv =
1012 and 1013M⊙, respectively. The hot CGM fraction in-
creases to 7.7 (13)% at Mv = 1012 (1013)M⊙ i.e. a baryon
budget of 46 (78)%, if the same gas density profile is extrapo-
lated out to 2Rv . The best-fitting value of αT = −0.59+0.071

−0.12

compensates for the increasing virial temperature with virial
mass, giving Tgas ∼ 0.21+0.04

−0.05 keV at Mv ∼ 1013M⊙. The
constraints on αfg and hence hot gas fraction are driven by
the X-ray measurements as the X-ray luminosity is highly
sensitive to the underlying gas distribution. However, X-ray
emission weekly depends on the gas temperature thus giving
poor constraints on αT . On the other hand, tSZ is degen-
erate between gas density and temperature. Combining tSZ
with X-ray breaks this degeneracy and the constraints on
αT are primarily driven by tSZ, which favours a lower gas
temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) ∝ exp
!

−
"µmpGMv

kbTgasRs

# 1− log(1 + r/Rs)/(r/Rs)

log(1 +Cv)− Cv/(1 +Cv)

$

(8)
where Rs(≡ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Duffy et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 7.

A hydrostatic model (reduced-χ2 ≈ 0.64) prefers a
higher value of αfg and hence a lower gas fraction. The best-
fitting value of αfg ∼ 0.48+0.027

−0.051 predicts fgas ∼ 0.6+0.3
−0.1%

and 1.8+0.5
−0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M⊙, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value

of αT ) than a simple power-law gas distribution. The best-
fitting value of αT ∼ −0.33+0.052

−0.023 gives Tgas ∼ 0.38+0.05
−0.02 keV

at Mv = 1013M⊙. The main difference between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly affects its gas den-
sity profile (see Equation 8). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ∼ 2.2
(4)% at Mv = 1012 (1013)M⊙ i.e. a baryon budget of ∼ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger
uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ∼ 1.3×1012M⊙ which translates to M500 ∼ 8.2×1011M⊙.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3×1012M⊙ (at
r > 0.15 × R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M⊙), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ∼ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne ∝
r−3β) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including

© 0000 RAS, MNRAS 000, 000–000

fgas  =>   20-30%  of  the  baryon  budget  in  massive  galaxies  in  hot  CGM                                   
for power law model.

Hydro model ~ 4-11% of the baryon budget.

Tgas  ~ 0.21±0.05 keV at Mv ~ 1013 M⦿ for power law model.

Tgas  ~ 0.38(+0.05/-0.02) keV at Mv ~ 1013 M⦿ for hydro model.



Results4 Singh, Majumdar, Nath and Silk

Table 2. X-ray-tSZ joint constraints from MCMC analysis.

Model αfg (Mean ± 68% CL) αT (Mean ± 68% CL) fgas (1012M⊙) fgas (1013M⊙)

β = 0.4 0.24± 0.061 −0.59+0.071
−0.12 3.2+1.7

−1.1 % 5.5+1.8
−1.4 %

Hydro 0.48+0.027
−0.051 −0.33+0.052

−0.023 0.6+0.3
−0.1 % 1.8+0.5

−0.2 %

temperature). We find that the reduced-χ2 → 1 for β = 0.4.
A flatter gas distribution (β < 0.4) gives a bad fit to the
data (reduced-χ2 > 1), whereas a steeper gas distribution
(β > 0.4) over-fits the datasets (reduced-χ2 < 1). Therefore,
we fix β = 0.4 for the rest of the analysis.

In Figure 1, we show the one and two dimensional pro-
jections of model parameters’ posterior probability distri-
bution and their 68% confidence limit (CL) contours. The
best-fitting values of the model parameters are represented
by the mean of posterior distribution, whereas their uncer-
tainties are represented by the one dimensional 68% CL (see
Table 2).

For the power-law model, we obtain αfg = 0.24± 0.061
which translates to fgas ∼ 3.2+1.7

−1.1% and 5.5+1.8
−1.4% (i.e. a

baryon budget of ∼ 20% and 30%) for virial masses Mv =
1012 and 1013M⊙, respectively. The hot CGM fraction in-
creases to 7.7 (13)% at Mv = 1012 (1013)M⊙ i.e. a baryon
budget of 46 (78)%, if the same gas density profile is extrapo-
lated out to 2Rv . The best-fitting value of αT = −0.59+0.071

−0.12

compensates for the increasing virial temperature with virial
mass, giving Tgas ∼ 0.21+0.04

−0.05 keV at Mv ∼ 1013M⊙. The
constraints on αfg and hence hot gas fraction are driven by
the X-ray measurements as the X-ray luminosity is highly
sensitive to the underlying gas distribution. However, X-ray
emission weekly depends on the gas temperature thus giving
poor constraints on αT . On the other hand, tSZ is degen-
erate between gas density and temperature. Combining tSZ
with X-ray breaks this degeneracy and the constraints on
αT are primarily driven by tSZ, which favours a lower gas
temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) ∝ exp
!

−
"µmpGMv

kbTgasRs

# 1− log(1 + r/Rs)/(r/Rs)

log(1 +Cv)− Cv/(1 +Cv)

$

(8)
where Rs(≡ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Duffy et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 7.

A hydrostatic model (reduced-χ2 ≈ 0.64) prefers a
higher value of αfg and hence a lower gas fraction. The best-
fitting value of αfg ∼ 0.48+0.027

−0.051 predicts fgas ∼ 0.6+0.3
−0.1%

and 1.8+0.5
−0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M⊙, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value

of αT ) than a simple power-law gas distribution. The best-
fitting value of αT ∼ −0.33+0.052

−0.023 gives Tgas ∼ 0.38+0.05
−0.02 keV

at Mv = 1013M⊙. The main difference between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly affects its gas den-
sity profile (see Equation 8). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ∼ 2.2
(4)% at Mv = 1012 (1013)M⊙ i.e. a baryon budget of ∼ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger
uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ∼ 1.3×1012M⊙ which translates to M500 ∼ 8.2×1011M⊙.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3×1012M⊙ (at
r > 0.15 × R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M⊙), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ∼ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne ∝
r−3β) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including
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Figure 2. Stacked CGM soft X-ray luminosities and tSZ signal
(inset) compared to the predictions of best-fitting parameter val-
ues (solid blue lines for power-law model and dashed green lines
for hydrostatic halo model). The shaded regions signify 68% CL
regions.

temperature as both hot and warm gas contribute to the
tSZ signal.

3.2 Isothermal hydrostatic equilibrium

Next, we explore an isothermal distribution of the hot CGM
in hydrostatic equilibrium with the dark matter halo with
the gas density profile given by,

ne(r) / exp
h
�
⇣µmpGMv

kbTgasRs

⌘ 1� log(1 + r/Rs)/(r/Rs)
log(1 + Cv)� Cv/(1 + Cv)

i

(4)
where Rs(⌘ Rv/Cv) is the scale radius and Cv is the con-
centration parameter of the dark matter halo (Du↵y et al.
2008). The hot gas fraction and the temperature are deter-
mined by Equation 3.

A hydrostatic model (reduced-�2 ⇡ 0.64) prefers a
higher value of ↵fg and hence a lower gas fraction. The best-
fitting value of ↵fg ⇠ 0.48+0.027

�0.051 predicts fgas ⇠ 0.6+0.3
�0.1%

and 1.8+0.5
�0.2% (i.e. a baryon budget of 4% and 11%) for the

virial masses Mv = 1012 and 1013M�, respectively. At the
same time, the gas temperatures are higher (i.e. a lower value
of ↵T ) than a simple power-law gas distribution. The best-
fitting value of ↵T ⇠ �0.33+0.052

�0.023 gives Tgas ⇠ 0.38+0.05
�0.02 keV

at Mv = 1013M�. The main di↵erence between the power-
law and the hydrostatic equilibrium model is that the tem-
perature of the hydrostatic model directly a↵ects its gas den-
sity profile (see Equation 4). Hydrostatic equilibrium tries
to keep the gas temperature close to the virial temperature
and a higher temperature leads to a lower gas fraction. Ex-
trapolating the density profile out to 2Rv gives fgas ⇠ 2.2
(4)% at Mv = 1012 (1013)M� i.e. a baryon budget of ⇠ 13
(24)%.

In Figure 2, we compare the stacked CGM X-ray lumi-
nosity and the tSZ measurements with the predictions of our
best-fitting models along with their 68% uncertainty region.
The power-law model predicts a larger X-ray and tSZ sig-
nal throughout the mass range considered except near the
upper mass end where the hydrostatic model predicts larger
X-ray luminosities. The power-law model also allows a larger

Figure 3. Hot CGM density profile for Milky Way type galaxy
for the power-law model (blue solid line), the hydrostatic halo
model (green dashed line), predictions by Fielding et al 2017
(dot-dashed yellow line) and Fang et al 2013 (long dashed ma-
genta line), observations by Miller & Bregman 2015 (dotted red
line) and Grcevich & Putman 2009 (gray points with error bars).
The shaded regions represent the 68% CL in the electron density
determination.

uncertainty in the predicted signal owing to the larger un-
certainties in the model parameters (see Table 2).

4 Discussion

4.1 Comparison with the hot halo of the Milky

Way

The hot halo of the Milky Way has been studied in de-
tail through a variety of methods (see Bland-Hawthorn &
Gerhard 2016 for a recent review of the Milky Way observa-
tions). The best estimate of the virial mass of the Milky Way
is ⇠ 1.3⇥1012M� which translates to M500 ⇠ 8.2⇥1011M�.
Therefore, the Milky Way lies below the lowest mass tSZ/X-
ray data points used for our analysis. In Figure 3, we extrap-
olate our best-fitting predictions for Mv = 1.3⇥1012M� (at
r > 0.15 ⇥ R500) and compare it with the observed density
of the hot halo of the Milky Way from the following;

(i) The hot CGM density required to explain the observed
ram pressure stripping of the dwarf satellites of the Milky
Way from (Grcevich & Putman 2009);

(ii) An adiabatic hot halo (assuming the hot gas to con-
tain 10% of the total halo mass, Mv = 1012M�), shown
to be consistent with a number of independent observations
(Fang, Bullock & Boylan-Kolchin 2013);

(iii) CGM profile derived from XMM-Newton observa-
tions of OVII and OVIII emission lines along ⇠ 650 sight-
lines,and OVII and OVIII absorption lines in the back-
ground quasar spectra, assuming a power-law model (ne /
r�3�) (Miller & Bregman 2015);

(iv) Results of a 3-D hydrodynamic simulations including
stellar feedback, radiative cooling and the cosmological ac-
cretion for a Milky Way type galaxy with M200 = 1012M�
(Fielding et al. 2017).
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Comparison with MilkyWay

Power law model is broadly consistent with a number of observations 
whereas the hydro model under-predicts CGM density.
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Comparison with other CGM phases

Tumlinson, Peeples & Werk 2017

Hot CGM can be the most dominant phase of the CGM.

*Tumlinson, Peeples & Werk (2017) 
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Impact of uncertainties

T12 ~ 2x106 K and ZCGM = 0.2 Z⦿

T12 ~ 106 - 4x106 K 

ZCGM = 0.4 

Variations in gas fraction and temperature are 
smaller than their uncertainties.
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CGM. 

Power law model gives fgas ~ 3.2-5.5% (a baryon budget ~ 20-30%) at halo 
masses 1012 - 1013.

Hydro model  gives fgas  ~  0.6-1.8% (a  baryon budget  ~ 4-11%) at  halo 
masses 1012 - 1013.

Power law model is consistent with the observations of MilkyWay.

Hot CGM comparable to or larger than other cooler phases.

Relaxing the assumptions about gas temperature and mettalicity doesn’t 
affect the best-fitting values significantly.
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