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  Galaxies are not closed boxes…

Image Credit: NASA, ESA, D. Nidever et al., NRAO/AUI/NSF, A. Mellinger, LAB Survey.
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See e.g. 
Blanton+2003 
Faber+07 
Drory+09 
Tomczak+14 
+many more 



The bare bone galaxy evolution model…



Outflows…

NASA, ESA, and The Hubble Heritage Team (STScI/AURA)

•Widely studied  over cosmic 
time.  

•Statistical sampling of one 
sightline for each of a sample 
of galaxies.  

See e.g. 
Heckman+2002 
Villeux+05 
Martin+05 
Weiner+09 
Rubin+10 
Rubin+14 
Bordoloi+14 
+many many more 

Our vantage point inside the disk of the Milky Way gives us 
a unique opportunity to break this deadlock and study the 
outflowing gas from the Milky Way itself, using multiple 
sightlines.



Fermi Bubbles (in ɣ-rays)

Su+2010



WMAP haze (microwave) 
Finkbeiner (2004)(23-94 GHz)

WMAP K-band



SPASS survey in 2.3 GHz

Carretti+2013

Polarized Radio Emission 2.3 GHz (Synchrotron; follows FB)



XHrays)(40°x40°)field)around)Galac>c)Center))
ROSAT'1.5'keV'map,'BlandQHawthorn'&'Cohen'(2003)'

The'Milky'Way’s'Biconical'Nuclear'OuTlow'



NASA/GSFC

A Hubble Experiment
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Results toward QSO PDS 456 (l, b=10.4°, 11.2°) 
Fox, Bordoloi, Savage et al. 2015,  ApJL, 799, 1.



UV studies of the Milky Way’s Nuclear Outflow

Fox, Bordoloi, Savage et al. 2015.

The Fermi Bubbles  
(orange: γ-ray ; black+white: X-ray)

HST/COS spectrum of QSO PDS 456
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Hubble/COS spectra 
• Three high-velocity components detected (shaded) at 
−235, +130, +250 km/s . 

• Seen in low-ions (C II, Si II, Al II, Si III) and high-ions (C IV, 
Si IV). 

• Not seen in Green Bank Telescope 21 cm emission 
spectra down to N(H I)=3×1017 cm-2 (so gas is highly 
ionized). 

• Highly unlikely that these components trace foreground 
high-velocity clouds (HVCs) given low latitude of sightline. 

• Our interpretation: seeing near (blueshifted) and far 
(redshifted) side of expanding biconical Galactic wind.

Fox, Bordoloi, Savage et al. 2015 



Kinematic Biconical Outflow 
Models 

• Set full opening angle =110° to match X-
rays. 

• find outflow velocity ~ 1000 km/s needed 
to match HV components. 

• top two panels show velocity structure. 

• lower panel shows velocity distribution 
after 100 realizations of the models. 

• momentum-driven (ballistic) wind favored 
over constant-velocity wind. 

Fox, Bordoloi, Savage et al. 2015 



NASA Press Release 
Illustration Credit: NASA, ESA, and A. Feild (STScI)



AGN sight lines (COS, N=23)

Kinematically Mapping the FBs

Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)



PDS 456

PDS456

Kinematically Mapping the FBs

AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)



PDS 456

PDS456

1H1613-097

Kinematically Mapping the FBs

AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)



PDS 456

PDS456

1H1613-097

M5-ZNG1

Kinematically Mapping the FBs

AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)



PDS 456

PDS456

1H1613-097

M5-ZNG1

J1512+0128

Kinematically Mapping the FBs

AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)



AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)

PDS 456

PDS456

1H1613-097

M5-ZNG1

J1512+0128

MRK1392

Kinematically Mapping the FBs
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Observed Projected Velocity Profile

Bordoloi+17
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Kinematic Biconical Outflow Models

Fox, Bordoloi, Savage et al. 2015 

Bordoloi, Fox, Lockman et al. 2017
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Projected Outflow velocity Radial Profile

• Outflow velocity is ~1000-1200 km/s. 
• Implies wind age ~ 6-9 Myr (travel time from Galactic Center), 

matching Fermi Bubble age estimates.
Bordoloi+17
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AGN sight lines (COS, N=23)
Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)

No HVCs

No HVCs

No HVCs

No HVCs

No HVCs

+ve HVC

Incidence of HVCs around the northern Fermi Bubble



Total : 47 Lines of sight. 
            5 Inside FB. 

          34 Outside FB. 
           8 Interface LOS.

Bordoloi+17

Residual Intensity E= 3 - 10 GeV

Incidence of HVCs in the northern Fermi Bubble



Bordoloi+17

Blueshifted HVC: 

5/5 Inside FB. 
5/34 Outside FB. 
4/8 Interface LOS.

Redshifted HVC: 

2/5 Inside FB. 
4/34 Outside FB. 
0/8 Interface LOS.

Substantially higher incidence of absorption 
inside the northern FB

Residual Intensity E= 3 - 10 GeV

Incidence of HVCs in the northern Fermi Bubble



31NASA Press Release 
Illustration Credit: NASA, ESA, and A. Feild (STScI)



AGN sight lines (COS, N=22)

Going back to sight line 1H1613-097

Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)

1H1613



     

0.0

0.5

1.0

1.5

2.0
N

o
rm

al
iz

ed
 F

lu
x

OI 1302   

     

0.0

0.5

1.0

1.5

2.0

N
o
rm

al
iz

ed
 F

lu
x

FeII 1144 

−400 −200 0 200 400
Velocity [km/sec]

0.0

0.5

1.0

1.5

2.0

N
o
rm

al
iz

ed
 F

lu
x

AlII 1670 

21 cm HI detection: 

− log NHI ~ 18.23 cm-2 

− log NOI ~ 14.28 cm-2  
− [O/H] ≳ -0.54 ≳ 30% solar.  
[Small ionization correction]

Metallicity towards 1H1613-097
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Musings on Mass outflow Rates: 

Mapping the Nuclear Outflow of the Milky Way 9
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Fig. 6.— Radial absorption profile of the blueshifted high velocity absorption inside the Fermi Bubble as a function of Galactic latitude
(left panel) and mean radial distance from the GC (right panel). The column densities are Voigt profile fitted column densities for each
species. For 1H1613-097, M5-ZNG1, and MRK1392 we resolve the blueshifted high velocity absorption into two individual absorption
components. The C IV column density profile is plotted with a 1 degree o↵set along x axis for presentation.

Myrs to reach the absorption seen in MRK1392.
Figure 8, right panel shows the radial distance trav-

eled by the outflowing gas, after 20 Myrs. The outflow-
ing gas launched by the constant energy model E has
not travelled su�cient radial distance to reach PDS456
in 20 Myrs. All the other wind models have driven the
outflowing gas enough to reach all the four lines of sight
studied here. The radial profile of the constant energy
model E falls o↵ sharply at 1.5 kpc. Even if the outflows
driven by this model reaches the four lines of sight, their
projected velocities will be close to zero (see Figure Fig-
ure 7). Hence, we can rule out model E to be driving the
outflows observed in the Fermi Bubble.
These models and the kinematic observations do not

allow us to distinguish between an AGN driven or star-
formation driven origin theory of the Fermi Bubble. But
they provide us with an independent measure of the age
of the Fermi Bubble. We find that any energetic event
that created the Fermi Bubble must have been short (
6-9 Myrs). Hence we can rule out a sustained > 108 yr
star-formation being the origin of the Fermi Bubble. It
is still possible that young winds driven by O stars or
relatively recent AGN activities in the GC is the origin
of the Fermi Bubble.

6. ENTRAINED MASS IN THE FERMI BUBBLE

The amount of gas ejecta carried out by the nuclear
outflow from the GC is of great importance as such mass
flows are believed to be regulating the evolution of galax-
ies. Given that we can constrain the half opening angle of
the nuclear outflow from the X-ray bicone to be ↵ ⇡ 55�,
we can estimate the cold gas, mass outflow rate for such a
scenario. From Section 5, we know the average distance
of the gas clouds from the GC, and the de-projected ra-
dial velocities of the outflowing gas. Following Bouché
et al. (2012), we can write down the mass outflow rate
at a distance b kpc from the GC as

Ṁout(b) =
⇡

2
↵ NH b vr. (11)

Here NH is the total H column density. Inserting nu-

merical values, equation 11 can be rewritten as

Ṁout(b) = 0.41 M� yr�1 µ

1.5

↵

30�
NH(b)

1019 cm�2

b

25kpc

vr
200kms�1

,

(12)

where µ is the mean atomic weight.
Following Section 4; for the most blueshifted absorp-

tion component of 1H1613-097, the total hydrogen col-
umn density is NH = 1020 cm�2. We assume the most
conservative value of vr from the momentum driven wind
scenario (M1), and get vr = 410 kms�1at a mean radial
distance of b=4.06 kpc. Putting these numbers into equa-
tion 12 yields a minimum mass outflow rate of Ṁout =
2.5 M� yr�1. This is the minimum mass outflow rate
assuming that all the mass is in the most blueshifted
HVC component. To estimate the mass outflow rate, ac-
counting for all the high velocity clouds along this line
of sight, we add up all the HVC Si column densities (i.e.
NSi = NSiII + NSiIII + NSiIV ). By summing over Si
stages II + III + IV, we e↵ectively are doing an ioniza-
tion correction ,and assuming that all the Si are in these
phases. We correct for dust depletion as described in Sec-
tion 4, and use a -0.2 dex solar metallicity. This yields a
total hydrogen column density of NH = 1.3905 ⇥ 1020

cm�2. The minimum mass outflow rate for the whole
line of sight is given as Ṁout = 3.5 M� yr�1.
Similarly assuming the same correction for dust deple-

tion and the same metallicity, we estimate the minimum
mass outflow rate for PDS456 to be Ṁout = 1.6 M� yr�1.
Here also we assume the most conservative value of vr
= 479 kms�1 from the momentum driven wind scenario
(M1), at a mean radial distance of b=2.27 kpc. We add
up all the HVC Si column densities as before, and esti-
mate a total hydrogen column density of NH = 1020

cm�2. Table 2 shows these mass outflow rate estimates.
If we assume that the the Fermi Bubble has existed for

at least the amount of time it takes for outflow to reach
from PDS456 to MRK1392, we get the most conservative
age from the M2 model of ⇡ 4.5 Myrs. Now if we assume
that the there was an outflow for that duration of time
with an average mass outflow rate ⇡ 2.5 M� yr�1; then

For a mass conserving outflow: 

FB Mass loss rate ≳ 0.2-0.5 M /Yr 
Assuming a constant mass loss for the kinematic age of the bubble, we 
estimate the total mass of cool gas entrained in the FBs ≳ 2 ⨉106  M .

Health Warning: Back of the envelope calculations!!!! 
Bordoloi+17



AGN sight lines (COS, N=23)

Experiment Design

Stars @ d>7 kpc (STIS, N=10)
Stars @ d<7 kpc (STIS, N=5)
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Radial Velocity profile along both the FBs
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6 Bordoloi et al.
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Fig. 2.— HST UV spectra and 21 cm emission spectra of the five lines of sight within the northern Fermi Bubble. Normalized flux
is plotted against the LSR velocity for several UV transitions with their corresponding Voigt profile fits (solid black lines). The vertical
red ticks indicate the centroids of individual Voigt profile components. The spectra are re-binned in 3 pixel boxes for presentation. C II*
absorbs at approximately +264 km s�1 in the rest frame of C II and is responsible for the strong feature near that velocity. For PDS456,
the apparent feature at +260 km s�1 in the spectrum covering C IV at 1548 Å is really the negative velocity feature coming from the C IV

1550 Å transition. We do not show the GBT spectra between +220 and +350 km s�1 due to base line subtraction issues.

Only HVC close to the FBs

GBT DD observations (PI: Bordoloi)

Coming Soon:  
Additional 78 hours of GBT observations. 

(PI: Bordoloi)



Summary
• Milky Way’s nuclear wind detected via Doppler signature. 

• Outflow velocity is ~1000-1200 km/s. 

• Seeing cool gas venting into the Fermi Bubbles. 

• Implies kinematic wind age of ~6-9 Myr (travel time from Galactic 
Center). 

• Higher incidence of HVC absorption inside the northern FB. 

• First map of wind velocities with distance from the Galactic Center. 

• Suggests a mass loss rate ≳ 0.2-0.5 M /Yr and a total mass of cool gas 
entrained in the FBs ≳ 2 ⨉106  M .



Thank You!


