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Questions: Cool Atomic and Molecular Outtlows

" Outflow statistics, energetics, extent, hence large-scale impact?
® Connection between the small- and large-scale outflows?

¥ How does Nature do it: entrainment of the cool ISM or in-situ
formation of cool clumps in the hot wind?
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High-Speed Dusty Nuclear Outflow in Mrk 231

FelLoBAL (Boksenberg+77; ...; Rupke+02; Veilleux+13b, 16; Leighly+14)
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High-Speed Dusty Nuclear Outflow in Mrk 231

(Boksenberg+77; Veilleux+13b, 16; Leighly+14)
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Extended Na I Outflow in Mrk 231

(Long-slit: Rupke, Veilleux, & Sanders 05¢; IFU: Rupke & Veilleux 11, 13a)

Artist's Conception
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® Gemini/IFU: Na I D 5890, 5896 A absorption
¢ R =2-3 kpc from the nucleus

° |V,, |in excess of 1100 km s/

® dM/dt 2160 M, yr'!~1.1SFR

® dp/dt 25Lg/c, 23 L,on/¢ Z2L;z/C

® L.=dE/dt >10¥%ergss!~1.1xdE/dt ~ 0.5% L, (AGN)

| > AGN driving |
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Molecular Outflow in Mrk 231

Herschel: unresolved P-Cygni profiles of OH (e.g., Fischer+10; Sturm~+11;
Gonzalez-Alfonso+14, 17)

® Herschel/PACS + Spitzer spectra: multiple OH transitions

¢ P-Cygni profiles!
® Outflow: |V, , | in excess of 1000 km s-!
°  dM/dt ~ 620 - 1100 M, yr!
* dp/dt~6 Ly, (AGN)/ ¢

* dE,, /dt ~ 1% L;,,(AGN)

| Mrk 231
" OH 119 um

Impact parameter (p)




Molecular Outflow in Mrk 231

IRAM: Spatially resolved molecular line emission (Feruglio+10; Aalto+12;

Cicone+12; Alatalo+10; Feruglio+15; Lindberg+16; ...)
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Plan

Molecular outflows in ULIRGs & quasars
Gonzalez-Alfonso et al. 2017, ApJ, 836, 11

Neutral & ionized atomic outflows in ULIRGs & quasars
Rupke, Gultekin, & Veilleux 2017, refereed, being revised

Connecting the accretion-disk wind with the large-scale
molecular outflow
Veilleux, Bolatto, Tombesi, et al. 2017, refereed, resubmitted

How does Nature do it: entrainment of the cool ISM or
in-situ formation of cool clumps in the hot wind?
Walter, Bolatto, Leroy, Veilleux, et al. 2017, ApJ, 835, 265



Molecular Outflows in U/LIRGs & Quasars

Herschel Surveys: unresolved P-Cygni profiles of OH (e.g2., Fischer+10; Sturm
+11; Veilleux+13a; Spoon+13; Gonzalez-Alfonso+14, 15, 17; Stone, Veilleux+16)

MM-wave Interferometric Surveys: kpc-scale CO line emission (e.g., Feruglio

+10,+15; Aalto+12ab; 15, 16; Alatalo+11, 15; Cicone+12, 14; Garcia-Burillo+14, 15;
Lindberg+16; Veilleux+17)

" Statistics: ~70% of local U/LIRGs have molecular winds (® ~145°)
" Qutflow velocities: <v >, <vg,>, <v . >~-200, -500, -925 km s!
" Energetics: Size ~ 0.1 -10 kpc
dM/dt ~ 10 — 1000 M, yr-!
dp/dt = (0.1 = 20) L,/c
dE/dt <2% L
Molecular gas = energetically dominant phase of these
outflows
|

Trends with SFR and AGN luminosities: suggest that we are seeing
starburst + quasar feedback in action



Molecular Outflows in U/LIRGs & Quasars

(Veilleux+13a; Cicone+l14; Stone, Veilleux+16)
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Molecular Outflows in U/LIRGs & Quasars

IRAS 03158 +4227 IRAS 051892524 IRAS 0857243915 IRAS 09022-3615
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Molecular Outflow Dynamics
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ENVELOPE

T100
CORE

T100 R T 7‘

Radiative transfer models: (1) statistical
equilibrium populations in all shells of a
spherically symmetric source, (2) emergent
continuum, (3) velocity profiles of all lines

Core: Tdust’ 7100’f119’ Vout ’ AVturb
Envelope: T, ,s T19005 f1195 Rint/Rout> Vints Youts AV

Density profile of each shell: derived from mass
conservation (n,; V R? independent of r)
Assumptions: OH/H, abundance = 2.5 x 10

(~ GMC Sgr B2; buried nuclei, PDRs, XDRs, CRDRs);
Galactic gas-to-dust ratio = 100 (well-mixed)




OH 119 pm doublet

(Gonzalez-Alfonso + 17)
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Molecular Outflow Energetics

" Local or instantaneous (maximum) values:

. M.
Mloc:fc 47TR2//4mH nNHV = AO;;,U
Boc:Mloc v,

. 1 .

Eloc = §Mloc '02,

where AR =R, — R, ,
(e.g., Sturm+11; Gonzalez-Alfonso+14; Tombesi+15)

" Average (minimum) values = “time-averaged thin-shell values”:

. Nygwv Moyt v
Mout:fc47rR2.u'mH ;Iz = (}%t

Pout = Mout v *

. 1 .
Eout = éMout 'U2

(e.g. Rupke+05c, Arav+13; Borguet+13; Rupke+Veilleux 13a, Heckman +15)

(The energetics in Feruglio+10, 15, Maiolino+12; Rodriguez Zauri+13; Cicone+14;
Harrison+14; Garcia-Burillo+15 are 3x higher = filled w/ uniform density)
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Molecular Outflow Energetics
(Gonzalez-Alfonso + 17)
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Reliable fits for 12 of the 14 ULIRGS

Red = Core component
Blue / black = Envelope components
(dP/dt > 1 x 1036 dyn)
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M, (OH) |Mg] (high—vel)

Mtot(OH) [Mo] (high—vel)

Comparison with CO-based Outflows (Cicone+14 + 3)
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tdep (yr)

tiow (Yr)

Outflow fraction of molecular gas
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Molecular outflows in ULIRGs & quasars
Gonzalez-Alfonso et al. 2017, ApJ, 836, 11

Neutral & ionized atomic outflows in ULIRGs & quasars
Rupke, Gultekin, & Veilleux 2017, refereed, being revised

Connecting the accretion-disk wind with the large-scale
molecular outflow
Veilleux, Bolatto, Tombesi, et al. 2017, refereed, resubmitted

How does Nature do it: entrainment of the cool ISM or
in-situ formation of cool clumps in the hot wind?

Walter, Bolatto, Leroy, Veilleux et al. 2017, ApJ, 835, 265



Neutral and Ionized Atomic Outflows
in ULIRGsS & Quasars

(Rupke, Gultekin, & Veilleux 2017)

Separation of Quasar and Galaxy Light (Section 2.3.1)
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Neutral and Ionized Atomic OQutflows
in ULIRGs and Quasars

(Rupke, Gultekin, & Veilleux 2017)

F05189-2524 F07599+6508

-4 -2 0 2 4

F13342+3932 Ionized outflow

-1 0 1

PG1411+442




Neutral and Ionized Atomic Outflows
in ULIRGs and Quasars

(Rupke, Gultekin, & Veilleux 2017)

Table 6. Percent of Mass, Momentum, and Energy in Each Phase

Galaxy Phase M dM/dt p dp/dt E dE/dt
(1) (2) (3) G) ©® (T (8
F05189-2524 neutral 29 20 36 59
ionized 56 23 22 15
‘e molecular 14 56 | .- 41 | --- 24
F07599+4+6508 | neutral 98 96 96 89 97 89
e ionized 1 3 3 10 2 10
Mrk 231 neutral 38 8 13 20
ionized 1 1 2 4
e molecular 60 90 . 83 . 75
F13218+0552 neutral 3 1 1 0 3 1
e ionized 96 98 08 99 96 98
F13342+3932 neutral 3 9 9 29 31 60
ionized 96 90 90 70 68 39




Neutral and Ionized Atomic Outflows
in ULIRGs and Quasars
(Rupke, Gultekin, & Veilleux 2017)
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¢ 13 Seyfert galaxies (from the literature) dM/dt ~ MBH1.00i0.33



Neutral and Ionized Atomic OQutflows
in ULIRGs and Quasars

(Rupke, Gultekin, & Veilleux 2017)

n
5
N
n

N
N
S
N

log(Energy Outflow Rate / erg s™')
log(Energy Outflow Rate / erg s™)

40 40
L Best fit (robust): log(dE/dt / erg s7') = 2 Best fit (robust): log(dE/dt / erg s™') = |
38} 25.8 + 2.08 x 10g(Mg,, / M) _ 38} 18.1 + 1.0 x log(c / km/s)
i Best fit (linmix): log(dE/dt / erg s') = J i Best fit (linmix): log(dE/dt / erg s7') = |
+ 29.2%%% +1.66:0% xlog(Mgy /Mg | I . 22.4'¢0 + 9.0 xlog(c / km/s) |
L L L 1 l L L L ' I L 1 ' L l L 1 ' ' l 1 1 L L I '} ' L L l ' L L 1 LAl l IIIIIIIII I lllllllll l IIIIIIIII I IIIIIIIII I lllllllll I lllllllll
60 65 70 75 80 85 9.0 95 1.9 20 21 22 23 24 25
log(Black Hole Mass / M log(c / km/s)

dE/dt ~ MBH1.66ﬂ:0.45 dE/dt ~ 69.0:I:3.8



Neutral and Ionized Atomic OQutflows
in ULIRGs and Quasars

log[c dP/dt / Lagy]

(Rupke, Gultekin, & Veilleux 2017)
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Neutral and Ionized Atomic OQutflows
in ULIRGs and Quasars

log(Mass Outflow Rate / Accretion Rate)

(Rupke, Gultekin, & Veilleux 2017)
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Molecular outflows in ULIRGs & quasars
Gonzalez-Alfonso et al. 2017, ApJ, 836, 11

Neutral & ionized atomic outflows in ULIRGs & quasars
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Connecting the Accretion Disk Wind
with the Large-Scale Molecular Outflow

ULIRG F11119+3257

Molecular outflow
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Velocity (km s ')

(based on Tombesi, Meéndez, SV, et al. 2015, Nature)




Connecting the Accretion Disk Wind
with the Large-Scale Molecular Outflow

(Veilleux, Bolatto, Tombesi, Meléndez + 2017)
" ALMA: Integrated CO (1 — 0) line profile in F11119+3257
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Connecting the Accretion Disk Wind
with the Large-Scale Molecular Outflow

(Veilleux, Bolatto, Tombesi, Meléndez + 2017)

" ALMA: CO (1 - 0) emission from rotating disk + outflow
® UV-plane fitting: FWHM(wings) ~4 —5” ~12 - 15 kpec 2 R, ~ 7 kpc
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Connecting the Accretion Disk Wind
with the Large-Scale Molecular Outflow

(Veilleux, Bolatto, Tombesi, Meléndez + 2017)

® ALMA: Derived properties of small- and large-scale outflows

Outflow M P E
Type Mg yr!] [LagN/c] [LagN]
(1) (6) (7) (8)
Accretion Disk Wind@ 1.5-45® 0.4-3.0© (6 — 50)% @
OH Outflow (local)‘® 250-2000)  35-25@ (0.5 -5.0)% W
OH Outflow (average)"” 60 — 500 W 1.0-6® 0.1-1.00% P

CO Outflow (ULIRG-like)*) 80 — 200 ) 1.5-3™ (0.15-0.40)% @

" Time-averaged CO outflow energetics ~ OH outflow energetics
" But (R/V)co~7x 100 yrs >> (R/V)oy~4 x 105 yrs
— Feedback efficiency has not changed drastically on this timescale

" Only ~ 3 - 5% of the kinetic energy of the X-ray wind is needed to
explain the bulk motion of the molecular gas
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Extreme Molecular Winds: How?

* How does Nature accelerate cool neutral / molecular clouds to
V =2 1000+ km s! out to R ~kpce? Survival time scale? B?

* In-situ cloud formation via fragmentation + cooling = v, 4~V

6‘)
outflow °

(e.g., Faucher-Giguere+12; Zubovas+13; Zubovas & King 2014)

(Banda-Barragan+16)

(Zubovas &:ing 2014



Molecular Outflow in Starburst NGC 253

Bolatto, Warren, Leroy, Walter, SV, et al. (2013, Nature)
Walter, Bolatto, Leroy, SV, et al. (2017)

2CO1-0 (150 - 190 km s) | ]
H,(l _ 250 . R
: " 1-50 7, -
Soft X-rays AN s00l. / E
- - - " {100 B

1-150

e T -1;roject:dzdistan-t1:e0 ™ K K B
dM/dt~3 —9 M. yr
n=dM/dt/SFR=1-3

(

Dense gas is entrained in the outflow
(HCN, HCO, CS, and CN 2 ~104 cm™)
Properties of outflowing gas are similar to
those in the central starburst disk

® dVzdr ~ +1 km s'! pc'! > accelerating?




Cool Atomic and Molecular Outflows

" Outflow statistics, energetics, extent, hence large-scale impact?

Statistics: ~70-100% of local ULIRGs / quasars have ionized or cool
neutral or molecular winds

Size ~ 0.1 — 10+ kpc

dM/dt ~ Mgy 1093 ~10 - 1000+ M, yr! >t
dp/dt = (0.1 — 20) Li/c

dE/dt ~ Mgy 175094 < 3% L

Quasar feedback efficiency decreases with increasing Eddington ratios

aep < 3 X 107 yrs (ULIRGs)

® Connection between the small- and large-scale outflows?

ALMA data have confirmed the molecular outflow in F11119+3257
Time-averaged CO outflow energetics ~ OH outflow energetics

" How does Nature do it?

Nature seems to have found a way to accelerate ~104 cm-3 molecular gas
from rest to ~200 km s-! over a distance of ~200 pc in NGC 253...




