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Recent observations show high column densities of metal ions in extended
haloes of galaxies within z ~ 0-0.5. For instance, to explain column densities
of OVI ion observed around star-forming galaxies one should assume solar
metallicity in the extended haloes, and in this case the haloes become
the main reservoir of missing baryons and metals. Using time-dependent
radiation field of a nearby starburst galaxy we study how ionic species
depend on the galactic mass and star formation rate. We derive conditions
for the high ionic states of metals to appear in extended galactic haloes.

1 Introduction and model description

High column densities of OVI and CIV ions in halos of star-forming galaxies lead to
a conclusion on more massive galactic halos than thought before [1, 2]. In principle,
this conclusion for galactic haloes to bear such a large gas mass might solve the
problem of missing baryons and metals, though requiring enormously high oxygen
production and mass ejection rates. Taking into account galactic ionizing radiation,
the maximum OVI fraction can reach ~0.4-0.9 that facilitates constrains on both
gaseous mass and metallicity for massive star-forming galaxies [3]. Here we are
interested in metal column densities in circumgalactic medium of less massive
galaxies with special attention for CIV and OVI ions. We present only a brief
description of our model, the details will be presented in our future paper.
Using the photoionization code CLOUDY [4] we calculate all ionization states
of the elements H, He, C, N, O, Ne, Mg, Si and Fe. In our calculations the gas in
the circumgalactic medium is in local thermal equilibrium that means the equality
between cooling and heating rates in a gas parcel located at the radial distance r
from the galactic center and exposed to both galactic (reached to such distance)
and extragalactic radiation. In order to follow evolution of stellar mass, metallicity
and galaxy spectrum, we use the spectrophotometric code PEGASE [5]. We
assume a Schmidt-like power-law star formation rate (SFR) typical of star-forming
galaxies: SFR(t) = ML /pa, where M is the normalized mass of gas in M. In our
model we assume a closed-box regime. To extend the spectrum to higher energies
(up to ~10* eV), we use the empirical relation between the X-ray luminosity
and the star formation rate [6]. For the extragalactic background we accept the
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Table 1: List of the main models

Total mass of gas M;, Mg p2, Myr/Mg (Name of model)
10'° 3 x 10° (A1), 3 x10* (A2), 3 x 10® (A3)
5 x 1010 3 x 10° (B1), 3x 10* (B2), 3 x 10° (B3)
10" 3 x 10° (C1), 3x10% (C2), 3 x 10% (C3)

spectrum described in [7]. We suppose the density profile has a shape similar
to the Milky Way galaxy [8] normalized to mass of the dark matter halo. The
parameters of the models are listed in Table 1. A fiducial value of gas metallicity
in our models is assumed to be equal to 0.1 Z.

2 Results

We consider gas in outer haloes of star-forming galaxies with stellar
mass ~10° — 10'" M. Figure 1 shows the dependence of specific star formation
rate, sSSFR = SFR/M,, on the stellar mass, M,. Note that the value of py increases
from left to right. It is clearly seen that almost all points for the COS-Dwarfs
galaxies are locked between tracks for models A1-C2 as well as the data for
the star-forming COS-Halos galaxies are close to the tracks of the models C2-C3.
Therefore, we expect that spectral properties of the galaxies observed in the COS-
Dwarfs and COS-Halos surveys are similar to those in the models considered here
during the latest ~3—4 Gyrs of their evolution.

Figure 2 shows the dependence of CIV column densities (left panels) in a halo
around a galaxy in models B*. The N(CIV) values become lower with a decrease
of both impact distance b and HI column density in the disk. This is explained
by an increase of photons ionized CIV, so that under such conditions carbon is
locked mainly in CV state. High column densities, N(CIV) 2 10'* cm~2, are found
at impact distances b < 0.3 r,, moderate values ~103-5-10' cm~2 can be detected
at larger distances b ~ (0.3-0.5) r,. Certainly, the increase of SFR from model
B1 (upper panel) to B3 (lower panel) leads to reducing N(CIV), especially this is
clear for moderate values of HI column density ~1020-102%4 ¢cm~2. However, the
N(CIV) values calculated for galaxies in models B* and N (HI) 2 102*4 cm~2 are
close to the measured ones in the COS-Dwarfs survey [2]. Note that the stellar
masses and SFR in models B* are also similar to those detected for the host
galaxies in the survey (Fig. 1). One can see that N(CIV) significantly depends
on the absorption of galactic radiation.

Figure 2 shows the OVI column densities (right panels) in a halo around
a galaxy in models B*. Similar to N(CIV) the OVI column density reaches
values as high as ~10'3% em~2 at b < 0.57,, but contrary to CIV it increases for
smaller absorption of the galactic radiation: N(OVI) becomes ~1042=15 cm~2 for
N(HI) £ 10%*3 em~2. Higher SFR is also favor to higher N(OVI). Such behavior
is due to a growth of galactic photons being able to ionize OV.



Metal Ions in the CGM 129

<><> X 1\(@ OOO
% O o]
<>0
9 |
V
-10 -
h -
5
id . I
Al v A a
@11 B TR -
E A3 o
Bl
B2 .
B3
-12 B 8% §A A A 0’ 7
C3 A
COS-dwarfs s -
COS-haloes: passive .
COS-haloes: starforming . .
-13 I |
8 9 10 11
log(M+, M)

Figure 1: The dependence of specific star formation rate, sSSFR = SFR/M,, on the stellar
mass, M,, for the models A*, B* and C* showed by small, middle-size and large open
symbols (Table 1). The value of py increases from left to right. The filled symbols among
open ones correspond to 1, 2, 5 and 10 billion years (from top-left to bottom-right points)
passed from the beginning of the evolution of a galaxy. Data for the COS-Dwarfs galaxies
from [2] are shown by small filled triangles and for the COS-Halos star-forming and passive
galaxies from [1] are depicted by small filled squares and rhombuses, respectively. The
gray-scale map is for SDSS+GALEX galaxies [9].

Note that both CIV and OVI column densities are as high as ~10'4~145 ¢m—2
and ~10'5=1 e¢m~2, respectively, at small b < 0.2 for moderate values of
N(HI) ~ 1024 cm~2. Whereas in other ranges of N(HI) and b either CIV or
OVI has high column density, in other words, there takes place the bimodal
distribution. It has been argued [2] that high CIV column densities can be found
in halos of dwarf galaxies, whereas high OVI values are usual in a gas around
massive star-forming galaxies [1], and have assumed the existence of bimodality
over mass of a galaxy. Here we consider the same total and initial gaseous masses
of a galaxy (in models B* the initial gaseous mass equals 5x 105 M, see Table 1),
but the SFR is taken different, so that during the evolution the stellar masses
reach different values ranged by more than an order of magnitude (middle-size
green symbols in Fig. 1). However, Figure 2 shows similar N(OVI) distributions
for all three values of SFR and significant dependence of N(OVI) on HI column
density.
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Figure 2: The dependence of CIV (left panels) and OVI (right panels) column densities
(in logarithmic scale) in a halo around a galaxy in models B* on impact parameter b
(which is given in kpc in the lower z-axis and in units of virial radius r, of a galaxy
in the upper z-axis) and the HI column density log/Nyy in the galactic disk. The upper
row corresponds to model B1 (M = 5 x 10*° Mg, p» = 3 x 10° Myr/M), the middle
is for model B2 (M = 5 x 10'° My, ps = 3 x 10* Myr/M,), and the lower one is for
B3 (M =5 x 1019 Mg, ps =3 x 10> Myr/Mg). The virial radius r, of a galaxy with
M =5 x 1019 Mg at z = 0 equals ~218 kpc.
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* The color figures are available online in the Proceedings at http://www.astro.spbu.ru/sobolev100/.



