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ABSTRACT

The baryonic Tully-Fisher relation is an important obséor@al constraint on cosmological and galactic
models. However, it is critical to keep in mind that in obsgions only stars, molecular, and atomic gas are
counted, while the contribution of the ionized gas is almosversally missed. The ionized gas is, however,
expected to be present in the gaseous disks of dwarf galaxgdy because they are exposed to the cos-
mic ionizing background and to the stellar radiation thahages to escape from the central regions of the
galactic disks into their outer layers. Such an expectasipimdeed, born out both by cosmological numerical
simulations and by simple analytical models.

Subject headings: galaxies: kinematics and dynamics — galaxies: dwarf — gedaxregular — galaxies: spiral
— methods: numerical

1. INTRODUCTION gas.

The baryonic Tully-Fisher relation (BTFR: Freertian 1999; In this paper | demonstrate that dwarf galaxies are expected
McGaugh et dl 2000) extends the classical Tully-Fisher re- to contain warm ionized gas (to be distinguished from hot ha-

lation (Tully & Fisher [1977) by including, in addition to los) - simply because the gaseous disks of galaxies are ex-
stars, all the baryonic content of galaxies.y The physica! re posed to the cosmic background radiation (plus whatever of

son for such an extension is very sound - in galactic halost€ir own ionizing radiation escapes into the outer layérs o
that maintain the universal fraction of baryons, the baiyon their disks), whichis going to ionize tge outer layer of aiom
mass becomes a linear proxy of the total mass. A devia-disks down the column densily; ~ 10" cn?, comparable to
tion from the expected total mass - rotational velocity tela the transition column density between Lyman Limit systems
tion may indicate missing baryons (although such deviation (Which are mostly ionized) and Damped Lymansystems
may be degenerate with the effect of stellar feedback, e.g.(Which are mostly neutral). )
Dutton & van den Bosch 2009); hence baryonic Tully-Fisher Hence, the interpretation of the observed BTFR is (ather
relation becomes a powerful test of galaxy formation madels Non-trivial, nor can it easily be used to deduce the fractibn

It is not surprising, therefore, that a significant ef- baryons ejected by the feedback from dwarf galaxies.

fort has been expended over the years in measuring

the BTFR in a diverse set of galaxies (Verhéijen 2001; 2. SIMULATIONS

Bell & de Jong 2001; %05? The simulation used in this paper is similar to the one
Pienniger & Rev Zlﬂ5dl-—2f? 8. _Stark st al. gescribed in_Gnedin & Kravtsbv (2010). Specifically, the
2009; |Trachternach etial._2009; _Gurovichetal. 2010; adaptive Refinement Tree (ART) cod 999:
Torres-Flores et al. 2011). The current state of affairsei W  [Kravtsov et all 2002; Rudd etlal. 2008) is employed to model

synthesized by McGaug 11). The remarkable power-lawy gy-1\pc cube centered on a typicalL2(atz = 0) galaxy.
behavior of BTFR over 4 decades in mass indicates arnhe | agrangian region of a sphere with radius equaRg 5t
substantial fraction of “missing” baryons in the lowest mas ;- g (3 *region of interest”) is sampled in the initial conditis
ga:ax!es. Thde ol_asetrvde% bfiryoﬂ'c comp(éntehnts dOf these vk the effective 512 resolution, while the rest of the simu-
galaxies are dominated by atomic gas, and the decreasiNgyyion yolume is sampled more crudely. This setup results in
bat\)ryonlg Ifract|or|1 Wlt? gala>r<]y rgassf|s olften interpreteziaa the mass resolution in the region of interest & ¢ 10°M,
suAsiitl?nri]tt:tliomnac;sfsSS;s] ;?]rr;rt Emc\évr?tr #ngﬂgf' is that no ob- in dark matter. This region of interest is then allowed tonefi
servation actually measureg tharyonic contents of galax- adaptively”ai the sirgulation p(jr(cj)peedsl g‘l a qluasfi—L?gralngia
v - . manner, all the way down to additional 6 levels of refinement
<5 ony s, el e somt g e e 1S LS O L S
! spatial resolution of 260 pc in comoving reference framee Th

of exceptions). In other words, in dwarf, Hl dominated galax 7 . 9
; o e . simulation adopte\CDM cosmology similar to the WMAP1
ies, the observed BTFR is, in fact, an HI Tully-Fisher relati one (2 = 0.3, 2p = 0.046.05 = 0.9 andh = 0.7).

One needs, therefore, be careful to distinguish the tot&MRBT The physical processes modeled in the simulation are ex-

that accounts for all of the baryons within the virial radafs . .
: lin_Gnedin & Kravtsov (2
a galaxy, and the observed BTFR that only includes stars ano""(.:tIy the same as described ; P 010),
with one exception. In particular, the simulation incorgies

molecular and atomic gas, but does not account for the idnize . : . :
gas cooling (including cooling on metals, molecular hydro-
gen, and dust), a phenomenological model for molecular hy-

Bat;,?;t'fll_eeggt{gpByss,fsgﬁggitﬁé;‘Z{g’ocat'ona' Accelerataboratory, - qrogen formation, full ime-dependent and spatially valga
2Department of Astronomy & Astrophysics, The University of 3!:) (ad|at|ve transfer of ionizing and Lyman-Werner band ra-
Chicago, Chicago, IL 60637 USA diation (both from local sources and from the incident casmi

3 Kavli Institute for Cosmological Physics and Enrico Fermstitute, background of Haardt & Madau (2001)) using the Optically
The University of Chicago, Chicago, IL 60637 USA Thin Variable Eddington Tensor (OTVET) approximation of
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[Gnedin & Abel {2001), and star formation in the molecular

gas usind Krumholz & Tan (2007) recipe. The only differ- 101
ence from thé Gnedin & Kravtsov (2010) simulation is that

T

T
u

numerical treatment to only those physical processes #rat ¢
be modeled with a reasonable degree of realism.
It is difficult to envision that the supernova feedback would 105 102
increase the baryonic mass of galaxies, hence baryonic frac- v
, ; . . - . (km/s)
tions in model galaxies should be considered as upper limits
on the baryonic fractions in a real universe; any reasonable Fic.1.— The baryonic Tully-Fisher relation for model galaxasz = 0

stellar feedback models should reduce these fractions everplack) andz= 0.5 (gray); | show two redshifts since tize- 0 sample is very
further small by construction. Each model galaxy is represented Wsrical line

. with two symbols: open square shows the total baryonic mageaalaxy;
In order to Ver|fy that the results presented below are ro- filed square shows the observed “baryonic” mass, i.e. theafistellar mass,
bust and numerically converged, | re-run the last 150 Myr of molecular gas mass, and atomic gas mass. The differencedetive two

the time evolution in the simulation with an additional leve sdquares is the contribution of the ionized gas. The soliel inthe best-fit

. . . . . observed BTFR frorh_ McGaugh (2011); the dotted lin€figM20o VS Vimax
of refinement (tWICG h'gher spatlal resolutlon) and more a9- for dark matter halos in tha CDM cosmological model, while the dashed

greSS_ive refinement criteria (tO enlarge the regions refioed jine is My, Vs Vimax Obtained by abundance matching of the theoretical halo
the highest allowed level). This convergence test has demonmass function and the observed HI mass function (see texetails).

strated that all the results presented below are highlystobu

3. TOTAL AND OBSERVED BARYONIC TULLY-FISHER RELATIONS ter halos from a theoretically computed halo mass function
In order to compare the simulation to the observations, thewith HI galaxies from the actual observed HI mass function
total baryonic mass (all the way to the virial radius) and the (Zwaan et all_2005) that have the same spatial number den-
observed “baryonic” mass (i.e. the sum of the stellar mass,sity. The details on how this matching is performed are de-
molecular gas mass, and atomic gas mass) are measured fgtribed in_Marin et all (2010) br Trujillo-Gomez ef al. (211
all model galaxies from the region of interest. To measure HI mass vSVmax that results from such abundance matching
the rotational velocity, the mass density profiles for vasio is shown in Fig[Jl with the dashed line. Not surprisingly, it
mass components of model galaxies are constructed, and thematches the best-fit observed BTFR at low masses very well.
circular velocitys are measured at the radius containing90%  The observed BTFR in the simulation (solid squares) is not
of all HI. This procedure is similar to the one adopted by far from the best-fit line to the observational data, but isvab
IMcGaugh[(2011). I have verified that, if the radius including it by about a factor of 2 for smallest galaxies. It is impottan
either 80% or 95% of all atomic gas is used instead, the ®sult to remember that the simulation should only be treated as an
would change by no more than a symbol size in Figlire 1. upper limit to the baryonic content of galaxies, because the
Since the region of interest is centered on a single largestellar feedback is deliberately disabled in the simutaiex-
galaxy, only a handful of other noticeable isolated galsixie cept the feedback of ionizing radiation, which is included i
end up in that region by= 0. To somewhat enlarge the sam- the simulation by virtue of following the full spatially-viable
ple, I show in Figuré]l both= 0 andz= 0.5 simulation snap-  and time-dependent 3D radiative transfer). The fact that th
shots, which are apparently fully consistent with eachiothe  simulation points are not falling on the observed relation f
Figure[1 shows the two BTFR (the total baryonic one and V; < 200km/s simply illustrates the well-known fact that the
the observed BTFR that only includes stellar mass, molecula stellar feedback processes are important for determimiag t
gas mass, and atomic gas mass but not the ionized gas masg)aryonic contents of sub; galaxies.
The solid line tracks the best-fit observed BTER (McGaugh In order to illustrate the crucial difference between the to
[2011) relation in the form tal baryonic fraction and the observed (stars + molecular +
47M atomic gas) baryonic fraction in model galaxies, | show the
- © \/4 : LAY ¢
bar= —— Vs . two fractions in Figur€]2. As one can see, the total baryonic
(km/sy fraction in model galaxies remains close to universal al th
The dotted line gives a relation between the product of tire un way to Vi ~ 40km/s, and at loweV; the effect of photo-
versal baryon fractiorfy, = Q5/Qm and My (Mmass within -~ evaporation of gas from dark matter halos due to heating by
the overdensity 200 with respect to the critical density) vs the cosmic ionizing background radiation becomes impartan
Vimax for dark matter halos from Bolshoi and Multi-Dark sim-  That effect in this simulation is approximately describgdb
ulations [(Prada et &I 2011). This relation is slightly pere fitting formula of Gnedih((2000),
than funiMago o Vi3, due to the halo concentration depen- an -3/a
dence on halo mass. The simulation lies to the right of that foar _ {14_(2&/3_1)( Mc > }

the supernova feedback is disabled. o 3

Existing models of supernova feedback in cosmological 210 3 3
simulations (and other types of stellar feedback, except th g ]
feedback from stellar ionizing radiation, that is explicin- 2 10° E
cluded) are still insufficiently developed to be fully resti¢. g f E
Therefore, | deliberately disable that form of feedbaclhtotl = sl ]

T

1)

line in Figure[l becausénax from pure N-body simulations .

is not a sufficiently accurate proxy for the disk circularoe|

ity - halo contraction due to baryonic condensation resalts ~ with parameter values = 1 andM¢c = 7 x 10°M,. The lat-

Vi ~ (1.2-1.3)Vimax ter value is the same as found|by Okamoto et al. (2008, con-
It is also possible to estimate the HI masses of dark matterverted from the virial overdensity of 97 with respect to the

halos using abundance matching - i.e. identifying dark mat- critical used there to the overdensity of 200 used here, for

uni |\/|200
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FIG. 2.— The baryonic fraction (in units of the universal fractif,n; =
Qg/Qm) for model galaxies at =0 (black) andz= 0.5 (gray). Symbols are
the same as in Figufd 1. The dotted line approximately tréveffect of
photo-evaporation of gas from halos due to cosmic backgtgEquatiorl 1)
while the short-dashed line shows a simple maddel (3) for taeral content
of galactic disks in dwarf galaxies. The long-dashed linthés fraction of
ionized gas within the H| radius (Equatibh 4).
the halo concentration of

the baryonic contents of dwarf galaxies.

This function (plotted against

v, (km/s)
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FIG. 3.— The circular and rotational velocity profiles (top) asutface

Vinax) is shown in Figurél2 as a dotted line. In agreement with density profiles for the total, ionized, and neutral gastoj for two model
McGaugh & Wolf (201D), this line alone is unable to explain galaxies az = 0, one withVy = 40 km/s (black lines) and another one with

Vi = 23 kml/s (gray lines; the lowest of two black symbols at thékouity in
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Figure1 anfl2). In the circular velocity plot, the solidreegt of the circular

It is also possible to construct a simple analytical model velocity shows its extent over the H1 disk, whereas the dditee shows the
that approximately reproduces these results for the obgerv extension of the line into the region where there is no atagai:
BTFR, followlng the |deas_de_u_o_e_t_hL_(_19|98). Lets.con3|der This dependence (for the combinatiovmz = 8, which is
an exponential gaseous disk with the surface density run - gomewhat on a lower side but still plausible, and, =

S(R) = Doe R/, 0.4M/ p& - the reason for the latter choice will become

i _ ) ) clear beloWd), multiplied by Equation[{1) and plotted as a
such that the disk scale length is a given fracticof the halo  function of Vimay, is shown in Figur&l2 with the dashed line.
virial radiusRxqq,

Ra = 1Ra00,

It does not fit the simulation results perfectly, but roughly
traces the lower envelope of filled symbols; this simplistic
and the disk mass is a fractiorof the total halo mass i, model does not account for stellar contribution to the oleser
BTFR, and is therefore can only serve as an approximation to
ZWEORé = vMaoo, the lower limit of the observed baryonic fraction of model
galaxies.
From an observational perspective, it may be useful to know
what fraction of the ionized gas is actually inside the H kdis
In the simple model this quantity is easy to compute,

so that
_ v Mo

p? 2mRSy

(expressions for, andv are given in Mo et al[(1998) as func-
tions of other parameters). The disk is exposed to the cos-
mic ionizing background, which ionizes hydrogen (from both
sides) in a slab of gas below the surface density. Then
the mass of the neutral gas in the disk is

0

Ruu
MHH(R<RH”):2W/ SinRdR,
0
or

Mun (R<Run) _ 1 Znu o

T3, <InEH”>2. 4)

(2)

) ) The fraction of ionized gas outside the H1 disk is then simply
whereRy is the edge of the HI disk{(Rin) = Xni). The  one minus the sum of Equatiorid (3) and Equatidn (4). The
minus Xy term under the integral in Equatiof (2) appears |ong-dashed line in Figufé 2 shows Equatioh (4) as a function
because both sides of the disk are exposed to the ionizing rapf ,,,,. The ionized gas starts dominating the disk mass only
diation, and hence each side has an ionized layer of thisknestgy Vinax < 30 km/s, but makes a 20% contribution all the
Yy /2. Integral2 can be easily taken, so that the fraction of way t0Vinax &~ 100 km/s.

the disk that is neutral is Finally, one may ask where the ionized gas, apparentin Fig-
%o )2
—_— . (3
ZHun ) ®)

ures[1 and]2, is actually located in model galaxies? To an-
_ MH| _ EH“ Eo 1 . . . . .
fur = =1-=—"[1+In—+=(1In swer that question, | show in Figurk 3 surface density pfile
Yo S 2
4| also notice that several recent studies of the photoitinizaeffect
that did not treat the radiative transfer of ionizing raidiat (Hoeft et al.

for the total, ionized, and neutral (atomic and moleculkr, a
though the molecular fraction in the shown galaxies is small
[2006;[Crain et dl_2007:_Okamoto ef al._2008) found that the-fievalue
of a = 2. However, in the simulations with the full spatially-iale and

gas in two galaxies, in which the ionized gas contribution is
large. In both galaxies neutral gas forms an approximately e

time-dependent 3D radiative transfer we always find thab#st-fit value of

a is 1, even in simulations run with widely different code&elithe moving

ponential disk, while the surface density of the ionized eom
mesh code df Gnedif (1995) and the currently used ART code.

fun(R< Rau) =

R
MH| = 271'/ (E(R) —ZH”)RdR, VMZO()
0

5 This is also the column density of a typical sub-DLA absanptsystem.
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ponent remains approximately constant well outside thiesca ized since their surface densities (and, hence, column den-
length of the neutral disk. These trends are consistent withsities) are too low. Even more importantly, the outer layers
the simple analytical model presented above. The choice ofof the inner disks are also ionized, because they are exposed
Yhi =0.4M,/ pcis the actual value of the fixed surface den- to the cosmic ionizing background and to the stellar ragimati
sity of the ionized gas found in the simulation. that manages to escape from the central regions of the galact
The top panel of Fid.]3 also shows the circular velocity pro- disks into their outer layers. These layers are direct @salo
files for the two galaxies and the rotational velocity of Hsga  of the Reynolds’ layer observed in the Milky Way galaxy
The difference between the two is due to non-circular mo- 3), but their relative contribution to theatot
tions in the gas; this difference is consistent with the prio mass budget becomes progressively larger as galactic disks
theoretical models (Valenzuela etlal. 2007; Dalcanton &Sti become less massive, less dense, and allow ionizing rawliati
[2010; [Trujillo-Gomez et all_2011) and observational mea- to reach deeper.
surements of galactic rotation curves (c.f. Trachternaeth e The existence of this ionized gas is not just a theoretical
2008; Adams et al. 2011). conjecture - it is unavoidable from purely physical grounds
since the cosmic ionizing background must ionize the outer
4. CONCLUSIONS layers of galactic HI disks (on both sides) down to column

The baryonic Tully-Fisher relation is an important observa densities of Lyman Limit system$\iy; > 10®cm (in my
tional constraint on cosmological and galactic models. How simulation it is £y, = 0.2Mg/ p& or, equivalently, HI =
ever, it is critical to keep in mind that in observations only 2.5 x 10*°cm™).
stars, molecular, and atomic gas are counted, while theicont
bution of the ionized gas is almost universally missed. ldenc
the observed BTFR does not coutlt baryons. Comparison
of such observations to theoretical predictions is, tloesf | am grateful to Andrey Kravtsov for enlightening discus-
highly non-trivial, and requires a proper modeling of radia sions and constructive criticism. Throughout the stornfy re
tive transfer of ionizing radiation, at least in an approaten  ereeing process, different referees offered construetit
form. not-so-constructive criticisms. | am grateful to all of tine

In this paper | present an example of such modeling in the as the final manuscript ended up being a major improvement
form of a cosmological numerical simulation with radiative over the original draft. This work was supported in part by
transfer. The simulation is not fully realistic, since itedonot the DOE at Fermilab, by the NSF grant AST-0908063, and
include a treatment of supernova feedback, and thus owerest by the NASA grant NNX-09AJ54G. The simulations used in
mates the baryonic fraction of model galaxies. Even with thi this work have been performed on the Joint Fermilab - KICP
incomplete treatment, low mass model galaxies contairelarg Supercomputing Cluster, supported by grants from Fermilab
and forV; < 50 km/s dominant, contribution of ionized gas.  Kavli Institute for Cosmological Physics, and the Univeysi

The ionized gas is present in the gaseous disks of modebf Chicago. This work made extensive use of the NASA As-
galaxies in two regions: the outer parts of the disks are ion-trophysics Data System aiaal Xi v. or g preprint server.
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