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ABSTRACT

We use the NTHAO galaxy formation simulations to make predictions for the bary-
onic budget in present day galaxies ranging from dwarf (Mo, ~ 101°Mg) to Milky
Way (Mio; ~ 10*2Mg) masses. The sample is made of 88 independent high resolu-
tion cosmological zoom-in simulations. NIHAO galaxies reproduce key properties of
observed galaxies, such as the stellar mass vs halo mass and cold gas vs stellar mass
relations. Thus they make plausible predictions for the baryon budget. We present
the mass fractions of stars, cold gas (T' < 10%K), cool gas (10* < T' < 10°K), warm-
hot gas (10° < T < 107K), and hot gas (107K< T, inside the virial radius, Raqp.
Compared to the predicted baryon mass, using the dark halo mass and the universal
baryon fraction, fi, = Q,/Qm = 0.15, we find that for all of our haloes, the miss-
ing mass is not just outside the virial radius Ry, it has been relocated past 2R.i,.
Haloes of mass Mio; ~ 10'°My are missing ~ 90% of their baryons. More massive
haloes (Mo, ~ 10'2M,) retain a higher fraction of their baryons, with ~ 30% missing,

consistent with observational estimates.
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1 INTRODUCTION

Cosmic structure formation has redistributed the baryons
from a nearly uniformly distributed plasma into a variety
of states, including stars, stellar remnants, cold (atomic and
molecular) gas, and hot (ionized) gas. The theories of galaxy
formation can predict the amount of mass in these different
states, which can in turn be tested by observational con-
straints.

On cosmological scales, the ratio between the total
baryonic and gravitating mass is measured to be f, =
Qb /Qm ~ 0.16 (The Planck Collaboration 2014). However,
the cold baryonic mass density implied by several galaxy
baryon estimates is only 3-8% of the big bang nucleosynthe-

sis expection (Persic & Salucci M; Fukugita et al] M;
Bell et al! 2003; McGaugh et al! 2010). The majority of the

cosmic baryons are thought to be in the form of hot gas
around or between galaxies (Cen & Ostriker M) Un-

til recently only a fraction of these baryons had been de-

tected dBmgm&n_l [2007; IShull et. all [ZQLZ) This discrepancy

is referred to as the “missing baryon problem”. Recent ad-
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vances in the detection of gas in the circum galactic medium

(CGM) have come from the COS survey
2011, 2013; [Thom et al! [2012; Werk et al| 2012, 2013). On
the scale of Milky Way mass haloes Mot ~ 10121\/[@ a sig-
nificant amount of Wablﬁlo4 < T < 10°K) gas has been
detected ), accounting for 33-88% of the
baryon budget. In the future such observations will be ex-
tended to a wider range of halo masses.

In this paper we make predictions for the baryonic bud-
get for stars, cold, warm and hot gas in and around the virial
radius of haloes of mass ranging from Mo ~ 10101\/[@ to
10**Mg. We use a sample of 88 zoom-in galaxy formation
simulations from the NIHAO project. NIHAO galaxies are
consistent with the stellar mass vs halo mass relations from
halo abundance matching since redshift z ~ 4
), the galaxy star formation rate vs stellar mass relation
since z ~ 4 M), and the cold gas mass vs stel-
lar mass relation at z ~ 0 (Stinson et al. 2015). Therefore,
the simulations make plausible predictions for the mass frac-
tions and physical locations of the warm and hot gas compo-
nents. We find that all the haloes contain less baryons than
expected according to the cosmic baryonic fraction, but the
missing fraction is strongly mass dependent.
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This paper is organized as follows: The cosmological
hydrodynamical simulations including star formation and
feedback are briefly described in §2} In §3] we present the
results including the baryonic budget, baryon distribution,
and a comparison with observations; §4] gives a summary of
our results.

2 SIMULATIONS

In this study we use simulations from the NIHAO (Nu-
merical Investigation of a Hundred Astrophysical Objects)
project ) The initial conditions are cre-
ated to keep the same numerical resolution across the whole
mass range with typically a million dark matter parti-
cles inside the virial radius of the target halo at redshift
z = 0. The halos to be re-simulated at higher resolu-
tion with baryons have been extracted from 3 different
pure N-body simulations with a box size of 60, 20 and
15 h~! Mpc respectively. We adopted the latest compila-
tion of cosmological parameters from the Planck satellite

(the Planck Collaboration et alll2014). More information on

the collisionless parent simulations and sample selection can

be found inDutton & Maccid (2014) and [Wang et all (2015)

We use the SPH hydrodynamics code GASOLINE
(Wadsley et al] MM), with a revised treatment of hydro-
dynamics as described in [Keller et all (2014). The code in-
cludes a subgrid model for turbulent mixing of metal and
energy (Wadsley et all M), heating and cooling include
photoelectric heating of dust grains, ultraviolet (UV) heat-
ing and ionization and cooling due to hydrogen, helium and
metals ) The star formation and feedback
modeling follows what was used in the MaGICC simulations
(Stinson et alll2013). There are two small changes in NTHAO
simulations: The change in number of neighbors and the new
combination of softening length and particle mass increases
the threshold for star formation from 9.3 to 10.3 cm ™3, the
increase of pre-SN feedback efficiency egsr, from 0.1 to 0.13.
The more detail on star formation and feedback modeling

can be found in [(Wang et all (2015).

3 BARYON BUDGET

We define the fiducial baryonic mass as:

My, = My(R200) = L]\4dm(R200) (1)
1—fp

where the My, is the total dark matter mass in the halo,
and the f, = Qp/Qm ~ 0.15 is the cosmic baryon fraction
(the ratio between baryon density and mass density includ-
ing baryonic mass plus dark matter), so that the M, is the
baryonic mass inside the virial radius if the baryons follow
the dark matter closely.

Fig. Ml shows the ratio between the mass of each baryon
component inside the virial radius to the fiducial baryonic
mass for the most massive galaxy in each zoom-in region. We
present the fractions of total stellar mass (blue points), and
the total baryonic mass including stellar mass plus gas mass
(green points). For the stellar mass fraction we also show the

relations from the halo abundance matching
12013; Behroozi et all 2013; [Kravtsov et all2014). The grey
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Figure 1. Fractional baryon content of our NIHAO simulations
as a function of halo mass. The green points show the ratio be-
tween the baryonic mass (stars + gas) inside the virial radius and
the total baryonic mass associated with the dark matter halo and
the green lines are best fitting lines. The blue points show the cor-
responding fraction for the stars. The solid green line and shaded
region shows a double power-law fit, together with the lo scat-
ter. For the stellar mass fraction we show several relations from
halo abundance matching. The linear (upper panel) and logarith-
mic (lower panel) scales emphasize the large amount of “missing”
baryons and the low star formation efficiencies.

area is the one sigma scatter around the mean value from
Kravtsov et all (2014).

We tried to capture the behaviour of the baryonic mass
fraction as a function of the halo mass using a double power
law formula:

B—a
7= Ga) {os=(EE) 1} T
=~ = 0.5 1+ . 2
fo Mo Mo @
In this formula, the lower and higher mass ends have loga-
rithmic slope « and (3, respectively, while 7 regulates how
sharp the transition is from the lower to the higher ends.
The best fit parameters are as follows:
Mo = 6.76 x 10"

fo = 0.336
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Figure 2. Baryon distribution of each galaxy from NIHAO sim-
ulations. A comparison of how the baryons distribute in the halo
with different masses. The lines are color coded by their halo
mass, which show a clear trend that the more massive halo pre-
serve more baryons alone the radius.

Table 1. Scatters for best fit parameters for the total baryonic
mass fraction computed inside one virial radius, Rag0, as a func-
tion of halo mass Magp in different mass ranges.

Mass Range o

3 x 109Mg < Magp < 2 x 1019Mg 0.151
2 x 1019Mp < Magp < 7 x 1019Mg 0.236
7 x 10'°Mg < Mago < 3 x 1011 Mg 0.125

3 x 101" Mg < Magp < 3.5 x 102Mg  0.0518
a = 0.684 3)
B = 0.205
v = 340

The green shaded region indicates the scatter about the best
fit line. These are measured in four different mass ranges,
and are summarized in Table. [

The trends of each component fraction are similar, in
that the fractions are relatively low in low mass haloes,
and increase as the halo mass increases. The main differ-
ence between the different components is the slope, with
the baryonic mass fraction having a shallower slope than
the stellar mass fraction. This is because in low mass haloes
(Mot ~ 10101\/[@) most of the baryons are in the form of gas,
while in the highest mass haloes we study (Mot ~ 1012M@)
there are roughly equal amounts of stars and gas.

Fig. [l shows that all haloes in our study contain less
than the universal fraction of baryons. The upper panel uses
a linear y-axis scale, which highlights the large amount of
baryons that are missing, especially in low mass haloes. The
logarithmic scale in the lower panel highlights the power-law
nature of the relatons.

Since the haloes we study are above the mass where
the cosmic UV background prevents gas from cooling, the
missing baryons have most likely been ejected from the cen-
tral galaxies in supernova/stellar feedback driven winds. Al-
though the lower mass galaxies have converted a smaller
fraction of their available baryons into stars, and hence there
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Baryon Budget 3

0.5

04F J

Fraction

0.2} 1

0.1} 1

0.0 : =
$© 2° ° 2° 2> )
SN 000\6 *<\°&G Y\onc’ &
e
Q&

Figure 3. Baryonic budget (the fraction of different components)

of 3.5 x 10" < Masgo/Mp < 3.5 x 1012 NIHAO galaxies (blue

points with 1o error bars) compared with observations of Magg
1022 Mg galaxies (shaded regions)

is proportionally less energy available to drive an outflow,
they have expelled a larger fraction of their baryons, consis-
tent with expectations from energy driven gas outflows (e.g.,

2012).

3.1 Where are the missing baryons?

Fig. 2 shows the mass ratio profiles of total baryons for each
simulation. Here the y-axis is the ratio between the baryonic
to dark matter mass, My(< R)/Mam (< R), enclosed within
a sphere of radius, R, normalized by the cosmic baryon-to-
dark matter ratio, Q/Qdm.

Each solid curve represents a halo, and the curves are
colored by their halo mass (red for high masses to blue for
low masses). Broadly speaking, the curves have a similar
shape, with a normalization that depends on halo mass.
They have a cusp in the central region where the stars
and cold gas dominate, then become flat in the outer re-
gion. More massive haloes have higher baryon fractions at
all radii. At small radii, the baryon to dark matter ratio is
higher than the cosmic value due to gas dissipation. Even
beyond the virial radius, there is little change in the baryon
fraction up to 2 virial radii. We thus conclude that the miss-
ing baryons are well outside of the virial radius.

3.2 Comparison with Observations of Milky Way
mass haloes

Since the CGM is too diffuse to create emission lines,
it must be observed using quasar absorption lines. The
COS-HALOs survey is ﬁlhng in details about the z ~
0 CGM (Peeples et al [2014; [Tumlinson et all 2011, [2013;
Werk et a. JM, m, M) For the CGM of low-redshift
L™ galaxies, [Tumlinson et all (IM) and

) constrain the mass of the warm-hot CGM (T' ~
10577), (@) provides a strict lower limit to
the mass of cool material (T ~ 10*7°) in the CGM of these

galaxies. In a study using X-rays, [Anderson et all (lZQlS)
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Table 2. The baryonic budget parameters for galaxies in NIHAO sample in different mass bins. We refer to gas in the temperature range
T < 10* K as cold; 104 K < T < 10° K as cool; 10° K < T < 107 K as warm; and T > 107 K as hot.

(logo(Ma200/M@)) 9.992+0.223 10.588 £0.143 11.267 £0.209 11.963 & 0.278
(log,o(M,/M@))  9.2434£0.215 9.8294+0.139  10.493 £0.206 11.176 + 0.273
(M, /M) 1.61 x 103 9.57 x 1073 6.43 x 10~2 0.240

O 1.63 x 1073 4.24 x 1073 5.02 x 1072 0.156

(Meora /M) 1.37 x 102 3.92 x 10~2 0.124 0.130
Teold 8.24 x 1073 4.08 x 1072 3.58 x 1072 7.78 x 1072

(Meoo1/My) 0.103 0.192 0.203 0.109
Teool 7.56 x 1072 0.135 0.138 6.37 x 1072

(Mywarm /My) 7.92 x 104 1.48 x 1072 5.83 x 10~2 0.167
Owarm 1.25 x 1073 6.53 x 1073 3.19 x 1072 6.05 x 10~2
(Mot /M) 0.000 0.000 0.000 1.82 x 10~*
Thot 0.000 0.000 0.000 2.33 x 10~4

{ Minissing /My ) 0.880 0.744 0.548 0.350
Omissing 5.65 x 10~2 0.137 0.110 9.66 x 102

place a constraints on the mass of hot gas (7' > 107) resid-
ing in the extended hot halos.

In Fig. Bl we show the mean values and standard devi-
ation of the mass fraction of stars and different components
of gas in our most massive galaxies (3.49 x 1011M@ < Moo
< 3.53 x 10121\/[@) with blue points and error bars. The gas
is assigned to a range of temperature bins: cold gas (T < 10*
K), cool gas (10* K < T < 10° K), warm gas (10° K < T
< 107 K) and hot gas (T > 107 K). The observational con-
straints are shown with the same colour scheme in Fig. 11
in [Werk et all (2014).

In this plot [Werk et all (2014) provides observational
constraints for CGM gas mass that are shown as the shaded
bars. The stellar mass range comes from halo abundance
matching as described in [Kravtsov et all (2014). The cold
disk gas mass comes from from [Dutton et all (2011).

The observations and the simulations match well in ev-
ery phase outside of the cool CGM gas, where the obser-
vations find 3x the mass that simulations predict. If the
observations are correct, the simulations have either ejected
too far gas that could be cool, or they have created a CGM
with the wrong mix of gas temperatures. The total gas frac-
tions (0.39 in COS-HALOs, 0.41 in NIHAO) suggest the
latter option. As the CGM of lower mass galaxies will soon
be observed , Table [ lists information about CGM mass
fractions of the different components of gas in haloes down
to a halo mass of ~ 101°Mg.

4 SUMMARY

We have used the NIHAO galaxy simulation suite
(Wang et all |2015) to study the statistical features of the
baryonic budget and distribution spanning halo masses of
~ 10'% to ~ 10"*Mg. NIHAO is a large (currently 88) set of
high resolution cosmological hydrodynamical galaxy forma-
tion simulations. As shown in previous papers the NTHAO
galaxies reproduce several key observed scaling relations. We
summarize our results as follows:

e All of the NIHAO haloes have a lower baryon to dark
matter ratio, inside the viriral radius, than the cosmic
baryon fraction.

e The missing baryons in all haloes are beyond 2 virial
radii.

e Lower mass haloes have lost a larger fraction of their
baryons, even though they convert a lower fraction of the
baryons into stars.

e For the highest mass haloes in our study ~ 10?Mg
our simulations are consistent with the observed fractions of
stars, cold gas, warm and hot gas. However, we underpredict
the cool (10* < T' < 10°K) gas with feeor = 0.11 & 0.06 vs
0.28-0.48 observed.

e This discrepancy may indicate that our feedback model
pushes the gas too far, or puts gas in the wrong phases, and
can be resolved with future observations. Since we match
the overall gas fraction we think that there might be some
problem in mixing the gas temperature.
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