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Baryonic astrophysics Background cosmology
from the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a

function of redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from
Gruppioni et al. (2013). At z < 2, these estimates agree reasonably well with the measure-

ments inferred from the UV slope or from SED fitting. At z > 2, the FIR/FUV estimates

have large uncertainties owing to the similarly large uncertainties required to extrapolate
the observed FIRLF to a total luminosity density. The values are larger than those for

the UV-selected surveys, particularly when compared with the UV values extrapolated to

very faint luminosities. Although galaxies with lower SFRs may have reduced extinction,
purely UV-selected samples at high redshift may also be biased against dusty star-forming

galaxies. As we noted above, a robust census for star-forming galaxies at z ! 2 selected
on the basis of dust emission alone does not exist, owing to the sensitivity limits of past

and present FIR and submillimeter observatories. Accordingly, the total amount of star

formation that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9: The history of cosmic star formation from (top right panel) FUV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data points with symbols are given in Table
1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV =
1.15 × 10−28 (see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000µm) have been
converted to instantaneous SFRs using the factor KIR = 4.5 × 10−44 (see Equation 11), also valid for a
Salpeter IMF. The solid curve in the three panels plots the best-fit SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M! year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ψ(z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by

48 P. Madau & M. Dickinson

Image credit: Illustris collaboration[Tumlinson+ 2017]

[Madau & Dickinson 2014]



Star formation and feedback
Gas accretion and cooling

Gas heating & depletion

Star formation is suppressed

Star formation

Stellar & AGN-driven outflows

4 Mutch, Croton and Poole

relationship between dark matter halo mass and galaxy stel-
lar mass is well documented (e.g. Zheng et al. 2007; Yang
et al. 2012; Wang et al. 2013). Assuming the favoured ⇤CDM
cosmology, a comparison of the observationally determined
galactic stellar mass function to the theoretically determined
halo mass function indicates that the averaged e�ciency of
stellar mass growth varies strongly as a function of halo
mass. In Fig. 2, we contrast a Schechter function fit of the
observed redshift zero stellar mass function (solid blue line;
Bell et al. 2003) against the dark matter halo mass func-
tion of the Millennium Simulation (red dashed line). The
halo mass function has been multiplied by fb in order to
approximate the total amount of baryons available for star
formation in a halo of any given mass.

The increased discrepancy between the stellar mass
function and halo mass functions at both low and high
masses indicates that the e�ciency of star formation is
reduced in these regimes. It is commonly held that at
low masses the shallow gravitational potential provided by
the dark matter haloes allows supernova feedback to e�-
ciently eject gas and dust from the galaxy. This reduces
the availability of this material to fuel further star forma-
tion episodes, hence temporarily stalling in situ stellar mass
growth. Other processes such as the photoionization heat-
ing of the intergalactic medium may also play an important
role in reducing the e�ciency of star formation in this low-
mass regime (Benson et al. 2002, and references therein).
At high halo masses, it is thought that ine�cient cooling
coupled with strong central black hole feedback also leads
to a quenching of star formation (e.g. Croton et al. 2006).
Therefore, it is only between these two extremes, around the
knee of the galactic stellar mass function, that stellar mass
growth reaches its highest average e�ciency.

We begin by parametrizing the physics function as a
simple log-normal distribution centred around a halo virial
mass Mpeak, and with a standard deviation �Mvir :

Fphys(Mvir/M�) = EMvir exp
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where �Mvir= log10(Mvir/M�)� log10(Mpeak/M�) and the
parameter EMvir represents the maximum possible e�ciency
for converting in-falling baryonic material into stellar mass,
achieved when Mvir=Mpeak. Such a distribution has been
found by SHAM studies to provide a good match to the
derived star formation rates as a function of halo mass for
z.2 (Conroy & Wechsler 2009; Béthermin et al. 2012).

This simple form of the physics function provides a
number of desirable properties. In Fig. 3, we present the av-
erage growth histories of five samples of dark matter haloes
chosen from the Millennium Simulation merger trees by their
final redshift zero masses (solid blue lines). For clarity, we
only plot these histories out to redshifts where more than
80% of the haloes in each sample have masses which are
twice the resolution limit of the input merger trees. The
grey shaded region indicates the amplitude of the physics
function defined by Eqn 3 when using our fiducial param-
eter values (see §3.1 for details). As the haloes grow, they
pass through the region of e�cient star formation at di↵er-
ent times depending on their final masses. Galaxies hosted
by the most massive z=0 haloes form the majority of their in
situ stellar mass at earlier times whereas those in the lowest
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Figure 2. A comparison of the observed galactic stellar mass
function (blue solid line) and the halo mass function of the Mil-
lennium Simulation (red dashed line). The halo mass function
has been multiplied by the universal baryon fraction in order
to demonstrate the maximum possible stellar mass content as
a function of halo mass. The closer the stellar mass function is
to this line, the more e�cient star formation is in haloes of the
corresponding mass. If galaxies were to form stars with a fixed
e�ciency at all halo masses then the slope of the stellar mass
function would be identical to that of the halo mass function.
The di↵ering slopes at both high and low masses indicates that
star formation (as a function of halo mass) is less e�cient in these
regimes. At low masses, this is commonly attributed to e�cient
gas ejection due to supernova feedback, whereas at high masses
energy injection from central super-massive black holes is thought
to be able to e↵ectively reduce the e�ciency of gas cooling. How-
ever, many other physical processes may also contribute in both
regimes.

mass haloes are still to reach the peak of their growth. In ad-
dition, lower mass haloes tend to spend a longer time in the
e�cient star forming regime compared to their high-mass
counterparts. These trends qualitatively agree with the ob-
served phenomenon of galaxy downsizing (e.g. Cowie et al.
1996; Cattaneo et al. 2008).

Subhalo abundance matching studies have suggested
that Vmax may be more tightly coupled to the stellar mass
growth of galaxies than Mvir (e.g. Reddick et al. 2013). This
makes intuitive sense as Vmax is directly related to the grav-
itational potential of the inner regions of the host halo,
where galaxy formation occurs. Therefore, in addition to
virial mass we also consider the case of a physics function
where the dependent variable is the instantaneous maximum
circular velocity of the host halo, Vmax:

Fphys(Vmax/(km s�1)) = EVmax exp
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where�Vmax= log10(Vmax/(km s�1))� log10(Vpeak/(km s�1)).
To avoid confusion, from now on we will refer to the forma-
tion history model constructed using this physics function
as the “static Vmax model”. Similarly, we will refer to the
case of Fphys(Mvir) as the “static Mvir model”.

In Fig. 3 we show the average Vmax growth histories for
a number of di↵erent z=0 selected samples. The y-axis has
been scaled such that the grey band also correctly depicts

c� 2013 RAS, MNRAS 000, 1–17
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Feedback

Star formation history

Structure of halos

Large-scale structure

CGM/IGM

Ø Density profiles
[e.g. Schaller+ 2015, Pllepich+ 2018b; Macciò + 2020]

Ø Shape
[e.g. Chua+ 2019, 2021; Cataldi+ 2021]

Ø Number of subhalos
[e.g. Fattahi+ 2016; Sawala+ 2016; Despali & Vegetti 2017]

[e.g. van de Voort+ 2011; 
Vogelsberger+ 2013; McCarthy+ 
2017; Weinberger+ 2017; Salcido+ 
2018, 2020]

Ø Cluster count cosmology 
[e.g. Debackere+ 2020, 2021]

Ø Void statistics 
[e.g. Pallas+ 2017]

Ø Matter power spectrum 
[e.g. Hellwing+ 2016; Barreira+ 2019; van Daalen+ 2020, 
Salcido+ 2023] 

Ø Matter bispectrum [Foreman+ 2020]

[e.g. Suresh+ 2015; 
Keating+ 2016; Turner+ 
2014, 2017; Sorini+ 2018, 
2020; Fielding+ 2020]



SN + stellar winds scaling relations 
based on  FIRE zoom-in simulations 
[Muratov+ 2015; Anglés-Alcázar+ 2017b]

[Davé+ 19]

AGN feedback

AGN WINDS

JETS

X-RAY HEATING

[Image credit: CXC, Melissa White]

~500 km/s

<8000 km/s

Effect of baryons on halos and LSS in the Simba simulation 

MBH>107.5 MSun & fEdd<0.2

MBH>107.5 MSun & fEdd<0.2 & fgas<0.2

Stellar feedback

BH accretion
HOT MODE [Bondi 1952]

COLD MODE: torque-limited 
accretion [Hopkins & Quataert 2011; 

Anglés-Alcázar+ 2013, 2015, 2017a]



Effect of baryons on mass function more important at lower z
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Stellar feedback: 
suppression at 
z>2, low mass

AGN jets: suppression at 
z<2, high mass 

[Sorini+ 2022]



AGN jets push baryons out 
to ~20 r200 by z=0
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[see also Angelinelli+ 2022, 2023; Ayromlou+ 2023]



01234
z

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

¥

M = 1011.0 MØ

Stacked profiles

10°3

10°2

10°1

100

P
D

F

10°2 10°1 100

r/r200

101

103

105

107

Ω
(M

Ø
ck

p
c°

3 )

PDF of gas density slope
0.01 0.1 1

Ga
s d

en
sit

y 
[M

Su
n/

kp
c3 ]

Redshift
Ga

s d
en

sit
y 

slo
pe

Fit gas density profiles

STEEPER

LESS STEEP

R/R200

PRELIMINARY

12
13

14
15

log(M
/M

Ø
)

0 1 2 3 4¥

z
=

0

Stacked
profiles

10 °
2

10 °
1

10
0

PDF
[Sorini+ in prep.]



0

1

2

3

4

¥

M = 1011 MØ

N
o-

fe
ed

ba
ck

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

A
G

N

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

je
t

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

X
-r

ay

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

Si
m

ba
-5

0
Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

012345

z
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

¥

M = 1011 MØ

Si
m

ba
-1

.5

Best fit

Stacked profiles

012345
z

M = 1012 MØ

Best fit

Stacked profiles

012345
z

M = 1013 MØ

Best fit

Stacked profiles

012345
z

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

fe
ed

ba
ck

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

A
G

N

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

je
t

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

N
o-

X
-r

ay

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

0

1

2

3

4

¥

M = 1011 MØ

Si
m

ba
-5

0

Best fit

Stacked profiles

M = 1012 MØ

Best fit

Stacked profiles

M = 1013 MØ

Best fit

Stacked profiles

M = 1014 MØ

Best fit

Stacked profiles

012345

z
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

¥

M = 1011 MØ

Si
m

ba
-1

.5

Best fit

Stacked profiles

012345
z

M = 1012 MØ

Best fit

Stacked profiles

012345
z

M = 1013 MØ

Best fit

Stacked profiles

012345
z

M = 1014 MØ

Best fit

Stacked profiles
4           3            2           1           0       5           4           3            2           1           0      

Redshift

Sl
op

e 
of

 g
as

 d
en

sit
y 

pr
of

ile

0

1

2

3

0

1

2

3

4

𝜌!"# ∝ 𝑟$%

𝜂 = 𝜂& 1 + 𝑧 '
At fixed mass:

Gas density profile

[Sorini+ in prep.]



10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

log(M200/MØ)

1.0

1.5

2.0

2.5

3.0

¥ 0

No-feedback

No-AGN

No-jet

No-X-ray

Simba-50

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

log(M200/MØ)

°0.4

°0.2

0.0

0.2

0.4

B
ga

s

No-feedback

No-AGN

No-jet

No-X-ray

Simba-50

STEEPER

LESS STEEP

Steeper @ higher redshift

Steeper @ lower redshift

Constant with redshift

𝜌!"# ∝ 𝑟$%

𝜂(𝑀, 𝑧) = 𝜂& 𝑀 1 + 𝑧 '	(*)

No feedback
Stellar
+ AGN winds

+ AGN jets
+ X-ray

b
h 0

[Sorini+ in prep.]



Ø Main mechanisms shaping the distribution of baryons in haloes:

Ø Impact of feedback on halo mass function: <~25-75%

Ø Feedback strongly impacts the halocentric radius enclosing a baryon mass

fraction equal to the cosmic value

Ø Preliminary: AGN-driven jets are associated with less steep gas density

profiles in group-size haloes

arXiv:2111.13708 Conclusions

q Stellar feedback in lower mass halos at z>2

q AGN jets in higher mass halos at z<2


