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Our simulations of galactic outflows from dwarf satellite galaxies highlight
the possible roles of galactic outflows producing multiphase, metal-enriched gas in the
circumgalactic medium surrounding large, luminous galaxies like the Milky Way galaxy. We find that
SNIT and SNla driven outflows interact and continuously generate thin, filamentary cooled gas that
are responsible for the observed weak Mgll absorbers. They are also surrounded by larger, more
diffuse gas that produce CIV and/or OVI absorption in the presence of the UV metagalactic radiation
at_hi?h redshift. The global importance of dwarf galactic outflows will be addressed in more general
simulations.

circumgalactic medium galactic outflows numerical simulations



Analysis of metal absorption line observations by our research collaborators [1][2][3] reveals the
extended presence of multiphase gasin the CGM. Numerous, compact (1~100 pc), low-ionization gas
clouds are traced by weak Mgll lines. They have near-solar to super-solar metallicities, and some of
them are even iron enhanced in relation to o el ements, even though luminous galaxies are rarely found
within a~50 kpc impact parameter. The origin and nature of such observed |ow-ionization absorbers

remain unclear, and in fact, no numerical simulations have addressed such questions before our study.

Our goal is to understand the origin and nature of weak Mgll clouds and the surrounding coronal gas
in the halos of L* galaxies at intermediate redshift. Observations at intermediate redshifts reveal the
presence of numerous, compact, weak Mg Il absorbers with near to super-solar metallicities, often
surrounded by more extended regions that produce C 1V and/or O V1 absorption, in the circumgalactic
medium at large impact parameters from luminous galaxies. In our study, we test the hypothesis that
undetected, satellite dwarf galaxies are responsible for producing some of these weak Mg |1 absorbers
aswell as surrounding CIV and OV absorbers, using gas dynamical simulations of galactic outflows

from a dwarf satellite galaxy which could formin alarger L* halo at z = 2.

(1) We use the adaptive mesh refinement hydrodynamics code Enzo [4] to smulate repeated
supernova explosions in the disk of a dwarf galaxy. We solve the equations of hydrodynamics using
a direct Eulerian piecewise parabolic method [4][5] and a two-shock approximate Riemann solver
with progressive fallback to more diffusive Riemann solvers in the event that higher order methods
produce negative densities or energies. Our simulation box has dimensions, (6.5536,6.5536, 32.768)
kpc, initially with (32, 32, 160) cells. Only half the galactic disk above its midplane is simulated. We
refine cells to resolve shocks with a standard minimum pressure jump condition [5] and to resolve
cooling at turbulent interfaces where the sound crossing time exceeds the cooling time. We use 4
refinement levels resulting in a highest resolution of 12.8 pc. We aso ran the same ssimulation with 3
refinement levels as a comparative resolution study, and by applying 6 refinement levels in aregion
where Mg Il filaments form in order to test the effects of resolution on fragmentation.

(2) We model a dwarf galaxy at redshift z = 2 with ahalo mass (4 x 109 Msun), and a virial radius
(17.3 kpc). This model has a disk gas mass (5.2 x 108 Msun). We adopt a Burkert [6] dark matter
potential with a coreradius (848 pc) and central density (1.93 x 10723 g/cm"3). Thegasis described
as a softened exponential disk [7] with temperature varying between 1073 K and a few x10™ K, and
the maximum circular velocity of 48.8 km/s. Our model galaxy is placed in a static halo background
with 1.83 x 10—28 g/cm*3with an initial metallicity of Z = 0.001 and amolecular weight p = 0.6.

(3) We use radiative cooling functions used in our simulations as a function of temperature from [8]
or T > 10" K for different metallicities and from [9] for T < 10"4 K for solar metallicity.

(4) We use Stellar Yields for Galactic Modeling Applications (SY GMA) [10] to model the chemical
gecta and feedback from simple stellar populations. The metals produced by SNIIs and SNlas are
followed and advected separately.

(5) We use the TRIDENT analysis tool [11] to calculate the ionization fractions of the species of
interest based on the cell-by-cell density, temperature, and metallicity.



Our results highlight the possibility of dwarf galactic outflows producing transient, but continuously
generated Mg Il clouds, as well as larger C IV and O VI clouds, in sub-LLS and Lya forest
environments.

(1) Thin, filamentary, weak Mg |l absorbers are produced in two stages. Phase 1. shocked SNII-
enriched gas loses energy and descends toward expanding SNIl-enriched gas and is shocked, cools,
and fragments, and Phase 2: SNla-driven outflow gas shocks the SNII-enriched gas as well as phase
1 shells, which then cool and fragment. The width of the filaments and fragments are <100 pc with
our standard numerical resolution. A single Mg Il cloud survivesfor ~ 60 Myr, but we suggest Mg |1
absorbers will continuously be produced through cycles of phase 1 and phase 2 formation for > 150
Myr by repeated bursts of star formation. see Figure 1.
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Figurel: Sliced density, temperature, metallicity, and pressure (from top to bottom) distributions of cool, dense clouds
at x = +1.42 kpc from the disk center in y-z plane at phase 1 (t =160 and 200 Myr) and phase 2 (t = 220, 230, and 240
Myr) from left to right. Phase 1 formation begins when descending shocked SNII-enriched gas (region b) collides with
the expanding SNII-enriched gas (region @) at the inner shock front, and phase 2 formation begins when SNla-driven
outflow (region la) rams into the rest of the SNII-enriched gas and the clouds made at phase 1. The arrows in the
metallicity figures show the direction of gas flow with v_max = 429 km/s.

(28) C IV absorbers are produced in expanding SNII enriched gas and shocked SNIl-enriched gas.
CIV absorbers in the expanding SNII-enriched gas extend over 1-4 kpc and C IV absorbers in the
shocked SNII-enriched gas are smaller, 0.5-1 kpc, but they are both cool and photoionized. The
smaller C IV absorbers originate from the same clouds that produce weak Mg Il absorbers, and they
surround the dense Mg |1 clouds. Asthe clouds get destroyed and mixed with the surrounding gas, Mg
Il absorbers disappear first, but C IV absorbers survive for another 20-30 Myr.

(2b) O VI absorbers are aso produced in expanding SNII-enriched gas and shocked SNII-enriched
gas. O VI absorbers in the expanding SNII-enriched gas originate from the same cool clouds that

produce C 1V absorbers, but O VI absorbersin the shocked SNII-enriched gas are not coincident with
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Mg Il absorbers or C IV absorbers. Their sizes are ~>1 kpc.

(2c) C 1V absorbers and most O VI absorbers are cool, photoionized clouds while O V1 absorbers
arising in swept-up shellsin region (b) are hotter and collisionally ionized. Photoionization dominates
in sub-LLS and Lya environments found in our models. see Figure2 & 3.

‘ 1072
Density [cm ™3] Temperature [K]
t =200 Myr F »~

Pl
Eile 2
T g 271

o

6% 107"

Figure 2. Sliced density, temperature,
metallicity (top from left to right),
114x107 gnd Mgll, C 1V, and O VI (bottom

1 from left to right) density

13x107"  distributions at x=+1.92 kpc from the
disk center in they-z plane, at
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1 show the direction of the gas flow
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Figure 3. Mock spectraalong
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Figure 6) at t =200 My,
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(3) The metallicities of Mg Il, C 1V, and O VI absorbers are Z = 0.1-0.2Zsun by t =~ 200-300 Myr,
after one moderate nuclear starburst formsin a dwarf disk and halo with alow initial metallicity Z =
0.001Zsun. We speculate that the clouds forming in shocked outflow gas will be progressively
enriched with more metals when bursts of star formation are repeated. See Figure 4.
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Figure4. Mgl (top row ), C 1V (middlerow ), and O VI (bottom row ) versus H | column densitiesin sightlines
parallel to each of the three cardinal axes at t =200 Myr with different colorsindicating Mg Il, C IV, and O VI
density-weighted metallicities (left column) and height above the disk (right column), to be compared to the observed
Mg lI/C IV clouds by Misawa et al. 2008 (circle) [2] and the observed C 1V/O V1 observations by Schaye et al. 2007
(sguare) [12] and D’Odorico et al. 2016 (star, but gray star for detection of only one member of the doublet) [13].
Note O VI densities from Schaye et al. 2007 (open square) and C IV and O VI densities from D’Odorico et al. 2016
(open star ) are upper limits (open square). Grey points indicate ion versus H | column density distributions expected
when al the gasin our simulation is assumed to have solar metallicity. The system 3 at z =1.7557 toward HE2243-
6031 Misawa et al. (2008) could have avery large metallicity, Z > 7.9 Z , or amoderate value, ~ 1.0Z , depending on
two different phoionization models (open circle).

(4) The covering fraction of weak Mg |l absorbersin our dwarf halo is > 3-6%. Thisisalower limit
asit represents the effects of only one moderate nuclear starburst, and more than half the metal-
enriched gas leaves the simulation box before the end of the run. To reproduce the observed estimate
for the covering fraction in aL* halo (30%) with outflows from such galaxies alone, sightlines must
go through haloes of multiple dwarf satellite galaxies. We also speculate that the covering fraction in
asingle dwarf halo will be boosted with repeated bursts with many cycles of phase 1 and phase 2
formation in alarge simulation box that covers the entire halo.
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