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High,)Intermediate,)and)Low)Velocity)
Clouds))

(HVCs,)IVCs,)and)LVCs))

•  Discovered)first)in)21)cm)radio)emission)by)Muller)

et)al.)(1963))

•  |HVCs|)>)90)km/s,))|IVCs|)<)90)km/s))(in)LSR))

)



High)Velocity)Clouds)
|VLSR|)>)90)km/s)

Wakker)&)van)Woerden)1997)



•  Galac.c)fountain))

•  Accre.on)of)primordial)gas)lea)over)from))galaxy)

forma.on))

•  Gas)stripped)off)of)the)nearby)dwarf)galaxies)

Three)Possible)Origins)of)HVCs)



The)Milky)Way)



Ques.ons)on)HVCs)

•  Where)are)they)from?)
– Distances)
– Metallici.es)

•  How)are)they)interac.ng)with)environments?)
– Neutral)vs.)Ionized)(Hα,)low)ions))
– High)ions)(C)IV,)N)V,)O)VI,)and)Si)IV))in)UV)
– Xirays)

•  What)is)their)ul.mate)fate?)
– Fuel)for)the)star)forma.on)in)the)Galac.c)disk))
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Simula.ons)of)HVCs)in)the)Halo)



Simula.ons)of)HVCs)

2D)cylindrical)
coordinates)



Simula.onal)Study)of)HVCs)





Compare)with)Observa.ons)
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Fig. 9.— N(Si IV)/N(O VI) versus N(C IV)/N(O VI) in logarithmic scale: comparison between

predictions from various models and observations for low-velocity ions. Model predictions are

presented with colored symbols and lines whose indices are on upper-left corner and observations

are displayed with black and gray symbols whose indicies are on lower-right corner. Predictions are

from the following models. Thermal conduction: Boehringer & Hartquist (1987, BH: red diamonds

from their Table 2) and Borkowski et al. (1990, BBF: red triangles estimated from their Figure 6).

Supernova remnants: Slavin & Cox (1992, SC: green diamonds estimated from their Figure 7) and

Shelton (2006, S: green triangles obtained from the results at 26 epochs of simulation number 103).

Radiative cooling of hot gas: Edgar & Chevalier (1986, EC: orange squares from their Table 1),

Gnat & Sternberg (2007, their collisional ionization equilibrium predictions are from their Table

2A, denoted by GS CIE, and traced by a solid orange line, and their isochoric non-equilibrium

ionization model predictions are from their Table 2B, denoted by GS NEI, and traced by a orange

dashed line), and Sutherland & Dopita (1993, their collisional ionization equilibrium predictions

are from their Table 5, denoted by SD CIE, and traced by a dotted orange line). Galactic fountains:

Shapiro & Benjamin (1993, SB: cyan squared from their Table 1). Turbulent mixing: Slavin et al.

(1993, SSB: purple diamonds from their Table 4A) and our TML models (TML: purple triangles

from Table 1). Ratios of low-velocity high ions predicted from our HVC models are represented by

blue squares (HVC Halo, see the text for the details of how these ratios are calculated). Note that

before presenting any of these model predictions, we have converted the assumed abundances to

those of Wilms et al. (2000). Observations are from the following references. Dark and gray filled

circles are ratios of integrated and component column column densities, respectively, from Wakker

et al. (2012). From their Table 2, we extracted 24 ratios of integrated column densities and 41

ratios of component column densities only for the detected cases. Gray filled stars are from Lehner

et al. (2011) who observed column densities of low-velocity high ions along sightlines to 38 stars in

the Milky Way disk. From their Table 4, we extracted 29 ratios of detected column densities.
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Fig. 10.— N(Si IV)/N(O VI) versus N(C IV)/N(O VI) in logarithmic scale: comparison
between predictions for various models and observations for high-velocity ions. As in the low-
velocity plot (Figure 9) Model predictions are presented with colored symbols and lines and

observations are displayed with gray filled-stars. Predictions are from the following models.
Thermal conduction: Boehringer & Hartquist (1987, BH red diamonds) and Borkowski et al.

(1990, B red triangles). Shock heating: Dopita & Sutherland (1996, DS yellow diamonds).
Supernova remnants: Slavin & Cox (1992, SC green diamonds). Radiative cooling of hot

gas: Edgar & Chevalier (1986, EC green triangles), Gnat & Sternberg (2007, their collisional
ionization equilibrium predictions are denoted by GS CIE and traced by a solid orange line,
and their isochoric non-equilibrium ionization model predictions are denoted by GS NEI and

traced by a orange dashed line), and Sutherland & Dopita (1993, their collisional ionization
equilibrium predictions are denoted by SD CIE and traced by a dotted orange line). Galactic

fountains: Shapiro & Benjamin (1993, SB cyan triangles). Turbulent mixing: Slavin et al.
(1993, S light-blue triangles), our TML models (Kwak & Shelton 2010, TML blue squares),
and high velocity gas in our HVC models (Kwak et al. 2011, HVC purple squares). Note

before presenting any of these model predictions, we have converted the assumed abundances
to those of Wilms et al. (2000). Observations are from the following references from dark

to bright filled stars: Savage & Wakker (2009, SW for low-velocity high ions), Collins et al.
(2004, 2007, C04 and C07 for high-velocity high ions), Fox et al. (2004, 2005, 2010, F04,

F05, and F10 for high-velocity high ions), and Ganguly et al. (2005, G05, for both low- and
high-velocity high ions). Note that observed ratios are clustered more tightly than model
predictions.



Smith)Cloud:)an)HVC)Colliding)with)the)Disk)
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Collision)with)the)Disk:)Smith)Cloud)

Km/s) Lockman)et)al.)2008))
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Complex)C)
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Fate)of)HVC:)Complex)C)
MHI)=)5)x)106)Msun) Accre.on)Rate)~)0.1)Msun)/)year)

Metallicity)~)0.1)–)0.5)solar)across)the)cloud))

Thom)et)al.)2008)



Ques.ons)on)Collision)Scenario)

•  Can)the)cloud)survive)the)collision?))

•  Can)it)maintain)its)cloud)shape)aaer)the)

collision?))

•  (What)if)the)cloud)is)embedded)within)the)

dark)maser)poten.al?))



Previous)(Simula.on))Works)

!  TenorioiTagle)et)al.)1986)
!  hdisk)=)100)pc)(total)width)=)200)pc))



Previous)Works)(Cont’d))

!  TenorioiTagle)et)al.)1987)
!  Include)Galac.c)gravity)



disk)

Dark)maser)giving)gravita.onal)
accelera.on)

Isothermal)cloud)embedded)
within)dark)maser’s)poten.al)



!  Hot)ISM)gas)

-  nH,ism = 10-3 cm-3 

-  Tism = 106 K 
!  Tcloud)=)5000)K)

!  nH,center)=)100)cmi3)

!  X0)~)0.04)(<<)1))i.e.,)rcloud)~)110)pc))

:)being)consistent)with))

!  Mcloud)~)6.5x105)Msun)

)Use)the)Proper.es)of)Dark)Maser)Halo)
from)Sternberg,)McKee,)&)Wolfire,)2002)



with)Dark)Maser)without)Dark)Maser)

t=0)Myr)

t=8)Myr)

1)kpc)

6)kpc)

100)km/s)
512)cells)



t=24)Myr)

t=16)Myr)



t=40)Myr)

t=32)Myr)



FLASH)

•  Developed)as)open)source)at)Univ.)of)Chicago)(Fryxell)et)al.)2000,)

ApJS))

•  Modular)Package)wrisen)in)Fortran)90))

–  Mul.idimension)Hydrodynamics)including)MHD)and)RHD)

–  Parallel)Adap.ve)Mesh)Refinement)by)using)PARAMESH)

–  Various)physical)processes:)radia.ve)cooling)due)to)line)

emission,))thermal)diffusion,)gravity,)par.cle)tracking,)ioniza.on)

of)atoms,)nuclear)burning)with)selected)chain)reac.ons,)etc.)



Ioniza.on)Module)in)FLASH)



NoniEquilibrium)Cooling)in)FLASH)

Tracing)ioniza.on)states)of)abundant)elements)H,)He,)C,)N,)O,)Ne,)
Mg,)Si,)S,)Ar,)Ca,)Fe,)and)Ni)(~200)ioniza.on)states))



Metallicity)Mixing)in)the)Halo)
– 22 –

Fig. 1.— Plots of log10 hydrogen number density (in units of cm-3, top row), log10 temperature

(in units of K, middle row), and oxygen metallicity (bottom row) are presented for Model B.

Each image is from a single 2 dimensional cut, along y=0. The model is shown at a series

of ages (0, 40, 80, 120, 160, and 200 Myrs) from left to right, thus revealing the evolution of

the system over time. A color version of this figure can be found in the on-line version of the

manuscript.

Grison,)Shelton,)and)Kwak)(2014))



– 22 –

Fig. 1.— Plots of log10 hydrogen number density (in units of cm-3, top row), log10 temperature

(in units of K, middle row), and oxygen metallicity (bottom row) are presented for Model B.

Each image is from a single 2 dimensional cut, along y=0. The model is shown at a series

of ages (0, 40, 80, 120, 160, and 200 Myrs) from left to right, thus revealing the evolution of

the system over time. A color version of this figure can be found in the on-line version of the

manuscript.

– 22 –

Fig. 1.— Plots of log10 hydrogen number density (in units of cm-3, top row), log10 temperature

(in units of K, middle row), and oxygen metallicity (bottom row) are presented for Model B.

Each image is from a single 2 dimensional cut, along y=0. The model is shown at a series

of ages (0, 40, 80, 120, 160, and 200 Myrs) from left to right, thus revealing the evolution of

the system over time. A color version of this figure can be found in the on-line version of the

manuscript.



Mixing)Efficiency)with)Veloci.es)
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Fig. 4.— Average metallicity (M̄) and halo gas fraction (fh) as functions of time for each

ionization state of carbon. Only Model B is plotted as all models mimic the trends of oxygen

with values agreeing within 0.050. HVC material is plotted using thicker lines while the low

velocity material is plotted using the thinner counterparts. Individual ionization states are

plotted using different shades from black to light gray (different colors in the online version)

and with varying line styles. A color version of this figure can be found in the on-line version

of the manuscript.



Summary)

•  Metallicity)evolu.on)history)in)the)Galac.c)
disk)could)be)affected)by)the)collision)of)
metalipoor)HVCs)and)this)process)could)be)
traced)by)numerical)simula.ons)that)should)
be)capable)of)tracing)the)abundance)mixing.)
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