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Bipolar Jets
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Mechanical AGN feedback in Galaxy Clusters

(Guo et al 2018, MNRAS; Duan & Guo 2018 & 2020, ApJ)
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Fermi Bubbles



The AGN Jet Model of the Fermi bubbles (Guo & Mathews 2012)

A recent jet event reproduces many bubble features: location, size,
shape, sharp edges
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Our Galaxy: The Milky Way




The CGM may solve the missing baryon problem
The observed baryons in a typical galaxy only
account for <20% of the baryonic allotment!

Circumgalactic Medium
CGM

CGM: within virial radius of the galaxy, but beyond the disk and ISM »



Baryon fraction log sSFR taep (Gyr)

Metals fraction

Problems: Galaxy Formation in LCDM
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Figure 2

—|Four important problems in galaxy evolution viewed with respect to M,. (2) The gas depletion timescale

Tdep ~ M gas/ M g for star-forming galaxies at 2 ~ 0, with M gas from Peeples et al. (2014) and M ¢, from
Whitaker et al. (2012); the shading denotes +0.15 dex scatter in M . (4) The galaxy bimodality in terms of
M., and specific SFR (Schiminovich et al. 2010). (c) The galactic baryon fraction, M. /[(2/ 2m)M halo] from
Behroozi et al. (2010), with stars in red and interstellar gas in blue. (4) The “retained metals fraction,” metals
for several galactic components relative to all the metals a galaxy has produced, with stars in red, interstellar
gas in blue, and interstellar dust in orange. Adapted from Peeples et al. (2014) with permission. Vertical bars
mark the properties of sub-L*, L*, and super-L* galaxies at log M, /Mg = 9.5 (blue), 10.5 (green), and

11.0 (red), respectively. Abbreviation: SFR, star-formation rate.

Tumlinson et al 2017

Stars and AGNs are major energy sources for
the heating, ionization, enrichment of IGM,
ICM, and CGM, which also in turn affect galaxy
formation.
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The Hot Halo Gas in the Milky Way



Evidence for Hot Halo Gas in the Milky Way
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Evidence for Hot Halo Gas in the Milky Way
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A Physically-Motivated CGM Model

. Po
,0<T) N (T + 7“1)0‘(7“ + 7“2)3_@,

r1 = 3rs/4 (inner core from cosmological simulations)
ro=rs cored-NFW profile

r, = 100, 200, 300 kpc; impact of feedback

gas distribution in the halo is expected to have r5 > rg. Our density distribution is relatively flat at
r < 11, and scales roughly as p oc r ! at r; < r < ry. At sufficiently large radii r > r,, the gas
density distribution approaches to the reduced NFW distribution: p(r) oc r~3, guaranteeing that
distant regions are not substantially affected by feedback processes.

Guo et al, 2020; Fang et al 2020
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Hydrostatic Equilibrium w/ Non-thermal Pressure Support

dP/dr = —(1—fu)GpM (< 1) /r?

~dInT" dlnp
dlnr  dlnr

The virial temperature at the virial radius ~ 5x10°(M,;,/10"2M)** K

Guo et al, 2020
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Our Models
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Our Models
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Hydrostatic Equilibrium w/ Non-thermal Pressure Support

dP/dr = —(1—fu)GpM (< 1) /r?

~dInT" dlnp
dlnr  dlnr

The virial temperature at the virial radius ~ 5x10°(M,;,/10"2M)** K

Guo et al, 2020
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Observed halo gas temperature
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where ¢(T, Z) is the 0.5 — 2.0 keV X-ray emissivity of the hot gas,

Guo et al, 2020
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Predicted halo gas temperature
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Guo et al, 2020
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Guo et al, 2020; Data from XMM-Newton observations (Henley & Shelton 2013) o
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Constraints on the halo mass
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Constraints on the halo mass
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Dependence on the CGM density distribution
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cooling time (year)

Dependence on the halo gas mass
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cooling time (year)

Dependence on the gas metallicity
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cooling time (year)

Dependence on the halo gas distribution
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cooling time (year)
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Typical Mass Inflow Rate
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cooling rate ~ 5 - 10 solar mass per year

It is widely believed that the current ob-
served SFR in the MW is about 1 —2 M, yr—!
(Robitaille & Whitney 2010; Chomiuk & Povich
2011). Recent observations suggest that the
bulk of the stars at the GC were formed at least
8 Gyr ago, and the star formation activity there
was very quiescent during most times of the
past 8 Gyr (Nogueras-Lara et al. 2019). The low

Guo et al, 2020 Fang, Guo, Yuan 2020 7



Cooling and Heating Rates

Cooling rate of CGM (0.3 solar metallicity):
9.46 X 10*° erg/s when M, = 0.3Mypar
2.63 x 10*! erg/s when My = 0.5Mmupar

1.06 x 10** erg/s when M, = M,
Supernova heating rate: 6.03x10%! erg/s

(1.9 SN per century)

AGN feedback heating rate: 7

Fang, Guo, Yuan 2020



The Fermi Bubbles in the Milky Way

The Fermi
bubbles!

. The All-sky Fermi View at E >10 GeV

Artist’s conception of Fermi Bubbles




The Fermi Bubbles in the Milky Way

- OpServdilon

Fermi data reveals giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.

Geometry « The spectrum is uniform in different parts

« Height: 55° width: 45° of the bubbles

« centered af zero Galactic longitude « The spectrum is idenfical in both bubbles

« symmetric about the Galactic plane « Harder spectrum, than the diffuse

- Sharp edges gamma-ray glow throughout the sky

» Flat surface brightness: The surface brightness
shows little variation over the bubbles




Bipolar Jets

Radic Galaxy 3296
VLA 20cm image
:uy‘ung‘k t :.)' NRADSAUL 1990

Fermi Bubbles
* Guo & Mathews 2012; Guo + 2012, ApJ



The Fermi Bubbles in the Milky Way

produced by a light internally-supersonic jet!

cosmic ray distribution

Guo & Mathews,
2012, ApJ

Guo et al, 2012, ApJ



Were the bubbles really produced by a recent jet event?

A recent jet event reproduces many bubble features: location, size,
shape, sharp edges

CR particle distribution

Femi1 <« E<SQeV
Ll

North bubble

keVem© s 'sr

' " South bubble =~ Milky Way's disk

Su, Slatyer, and Finkbeiner, 2010

Guo & Mathews 2012
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What are the energetics and age of the bubble event?

CR particle distribution

(1) Energetics ~ 1055 — 1057 erg
Age ~ 1-3 Myr
Jet duration ~ 0.1 — 0.5 Myr

~100 - 10000 M__

Guo & Mathews 2012

Total mass that SMBH accreted:

42



Impact on the Milky Way’s gaseous halo

thermal gas density distribution
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produce a forward shock and expansion of the inner
gaseous halo

Guo & Mathews,
2012, ApJ
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North Polar Spur in the ROSAT X-ray map

b) 3/4 keV (R43)
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North Polar Spur
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Where is the forward shock?

b) 3/4 keV (R43)
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Where is the forward shock?

galactic longitude (°)

galactic latitude (°)

50 0 -50
galactic longitude (°)

Bland-Hawthorn, J et al 2003
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Where is the forward shock?

Residual mtensuty, E 3 —10GeV
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C Ill SSr

Composite
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Observational Constraints on the Fermi Bubbles

Kataoka et al.(2015) found the bubble temperature is kT~0.30 keV

Miller et al.(2016) found the bubble temperature is kT~0.40 keV

Bordoloi et al.(2017) found the bubble age is 6-9 Myr from UV absorption line
studies of HVCs towards the bubbles.

Sgr A= is orbited by over a hundred massive stars with ages ~ 62 Myr
60°

49

-0-*_ kT 1) 50 - ZU
3 . . 4.5 18
Q_ 50 l o ® - :f = ﬂ- 'y ‘L. | 40 n- $ 16
. "om* - 50 :f"".
300 * . :00.0 N 3.5 _ y o;.-om;\ % i
' .l .n--l'. . 3.0 . I' ° .-',' —~
’+ S0 ..st.; -t 259 — Seo &9 123
: = Sl N S5 O ~2] 10
- o' % .!,!, 20 3 °®re’y .q“; 8 %
| : < 1.5 ces i oo 6
- -50 ., Ss, '_Q"' - 1.0 -50 | " d;’.,.,_._ bﬂ‘: - 4
s ) . ‘ @ 0.5 ‘ : . 2
-30° e 0.0 L
_L 4 20 0 -20 -40 20 20 0 20 40 °
() e 1(°)
-60° ~ ;
0.1 0305 Miller et al.(2016)
[keV]



The Total Matter Distribution in the Milky Way

Ruiyu Zhang
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The CGM Distribution in the Milky Way

—— Nep=0.03
= Miller & Bregman (2015)
¢ Grcevich & Putman (2009)
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The Evolution of Fermi bubbles

The energetics and age of the bubbles are constrained quite well!
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z (kpc)

T (keV), t=5.0 Myr

Gas temperature distribution
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1.5 keV X-ray Surface Brightness Map

ergstcm=2Sr!

5.000e-09 2.122e-08 3.743e-08 5.365e-08 6.987e-08

Figure 9. Synthetic X-ray (0.7-2 keV) surface brightness
map in Galactic coordinates with a Hammer-Aitoff projec-
tion for run A at t = 5 Myr. The dots represent the edge of
the observed Fermi bubbles.
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Numbers for the Fermi bubbles

one Jet Power: 3.42 x 10*! erg s~!

Jet duration: 1 Myr
Current Fermi bubble age: 5 Myr

Total injected energy ~ 2 x 10°° erg

Eddington ratio: ~ 0.001, hot accretion mode

Sgr A* accretion rate ~ 0.0001 solar mass/yr
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Wind Model

T (keV), t=9.0 Myr

We performed a large number of wind simulations D3a0

with different wind parameters (e.g. the wind velocity,
density, and duration) and investigated if the spherical
wind model can produce a bubble enclosed by the for-
ward shock that meets both the temperature and mor-
phology constraints as described in Section 3. Here we

0.515

0.470

-0.425

z (kpc)

- 0.380

0.335

0.290

0.245

0.200

Figure 15. The temperature distribution of thermal gas at
t =9 Myr in run D for the spherical wind model.

The forward shocks driven by spherical winds at the GC typically produce bubbles with much wider bases
than observed, and could not reproduce the biconical X-ray structure at low latitudes. This suggests that

starburst or AGN winds are unlikely the origin of the bubbles in the shock scenario.
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Particle Acceleration at the Shock Front

M, t=5.0 Myr
—— R=0 kpc (Top)
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. . Figure 12. Temporal evolution of the Mach number of the
Figure 11. Mach number of the forward shock in Run A forward shock in Run A. From top to bottom, the solid lines

at t = 5 Myr. The Mach number increases from low to high refer to the Mach number evolution at R = 0 (the bubble

latitudes, with an approximate value of about M ~ 2. top), 0.5 kpc, and 1 kpc respectively, in the bubble surface.
The dashed lines refer to the Mach number evolution at z = 2
kpc (red), and 5 kpc (purple) in the bubble surface.
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Cooling and Heating Rates

Cooling rate of CGM (0.3 solar metallicity):

9.46 X 10*° erg/s when M, = 0.3Mypar
2.63 x 10*! erg/s when My = 0.5Mypar

1.06 x 10** erg/s when M, = M,

Supernova heating rate: 6.03x10%! erg/s
(1.9 SN per century)

AGN feedback heating rate:  1.27 x 10%° erg/s.
(One Fermi bubble event per 50 Myr)

Fang, Guo, Yuan 2020 Zhang & Guo, 2020



Outstanding Problems

Does the shock model produce cosmic rays radiating the observed gamma rays?

How are cosmic rays accelerated in the Fermi bubbles?

What about the origin of the North Polar Spur?

Are Fermi bubbles common in disk galaxies?

How does Fermi-bubble-like events affect the CGM of Milky Way like galaxies?

Does AGN feedback transform star forming Milky-Way-like galaxies into quenched SO
galaxies? If so, when does this happen for a typical disk galaxy?



Summary

We propose a physically motivated model for the Milky Way CGM

We propose a new method to measure the Milky Way mass based on the CGM
temperature, M.;, = 1.607530 x 1012 M,

Without heating sources, cooling flows are expected to develop in the Milky Way CGM,
leading to typical mass inflow rates of 5-10 solar mass per year, about 5 times larger than
the star formation rate. Stellar feedback may be more important than AGN feedback in
heating the CGM.

We propose a forward-shock model for the Fermi bubbles, which were formed by a pair
of jets emanating from Sgr A* about 5 Myr ago. This model explains the common origin
of the Fermi bubbles and the Galactic center X-ray outflows. The energy and age of the
bubbles are well constrained in this model.

Wind models could not explain the Fermi bubbles in the shock scenario.



