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How do galaxies evolve?

* " ~ NGC 7331 Hubble



The Baryon cycle
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Hot Baryons:

- Bulk of Baryons
- Re-condensation
Driver outflows




AGN - Starbursts influence CGM

Starbu rst

M 82: Hubble/Spitzer/Chandra

Outstanding progress

=» Understand feedback between
nuclear activity and CGM

MS 0735.6+7421: Chandra/Hubble/VLA



Do alaxiesiluence their CGM?

= Does the nuclear actlwty of quuescent galaxies
' mfluence theur CGM" i
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The structure of the Milky Way

Galactic bar mass
Mass ~ 7x10° Msun
Size ~ 3 kpc

Binney +91; Bally +10; Ridley +17

From Spitzer/GLIMPSE data Churchwell +09



The central degrees of the Milky Way

Galacuc lauwae

Molinari+11
e —

Central Molecular Zone
: Herschel column density map
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Abundant gas reservoir ~3%x107 Msun

Peculiar environment: forming stars at extremely low rate (10 times lower than expected)

Nevertheless = Mini starburst



The Central Molecular Zone in X-rays

Exposure > 1.5 Ms (central 15’)

More than 100 EPIC observations > 200 ks in the plane

Ponti+15

.Sgr A*
=» Very faint!

SEERTEE No powerful starburst!

Sgr A*?§

1 ‘ Sgr A* inﬂne o CGM?

140 pc

<
1 deg

ESA News/XMM-Newton/G. Ponti+15 . .




The Central Molecular Zone in X-rays

Exposure > 1.5 Ms (central 15’)

More than 100 EPIC observations > 200 ks in the plane

Ponti+15

.Sgr A*
=» Very faint!

X-ray binaries

ESA News/XMM-Newton/G. Ponti+15 . .
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X-ray (Chandra)

Wang+13
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extended ("'1 ”) accretion from stars wind

kTe~7%107 K Melia +92; Quataert
ne~ 100 cm-3 02; Baganoff +03;

Falcke +98; Markoff +01; Yuan +03; Zhao +03; +04; Baganoff +03;
Herrnstein +04; An +05; Xu +06; Marrone +06; +07; Schoedel +07;

+11; Dodds-Eden +09; Trap +11; Wang +13; Bower +15; +18; +19;
Brinkerink +15; Liu +16; Stone +16; Witzel +18; Lu +18; von
Fellenberg 18; Fazio +18; Iwata +20 ; Gravity Coll. +20

Cuadra +05; Xu +06;
Wang +13



X-ray flares of Sgr A*
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Sgr A*’s flare distribution

Neilsen+13
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Flaring rate ~ 1 day-1
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Sgr A*’s emission during X-ray flares?

Best target to study low luminosity accretion
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For 15 years we wondered...

What is the radiative
process in X-ray?

I

10°- Jl Very Bright Flare .
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During flares *I''r ~ 1.6

IR polarised = Synchrotron
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First NIR and X-ray spectrum of a flare

Second brightest flare ever detected by XMM

1
o . eXMM
: ® NuSTAR
O Sinfoni

W
T

g
&
I

N
T

—h
o
T

1 - l| - . | | 1
-4000 -2000 0 2000 4000 6000
Ponti +17b Time since X-ray flare center (s)

A

X-ray count rate (cts/s), FK (mdy/4)

(

O
&




First NIR and X-ray spectrum of a flare

1 Ponti +17b
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Sgr A*’s present activity

A
+ 104
Lsgrar=Ledd
—+-1043
Was Sgr A* brighter in T =z
? g%
the past? 1w £ 8
1 1037
Daily flares
Y - 10%
Quiescence
k> 10% engs"

107 108 10° 104ti 103 102 10 now
v Lsgae=10"° L,
Ponti +13; +14; +15b; +17b (vears ago) At d

Current activity =» No influence on CGM




Clouds: mirrors of past activity

=>» Tool to study Sgr A*’s past activity
Yall
{j} plivs] =» Tomography of cloud distribution
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Clouds as X-ray mirrors

GRANAT: Hard X-ray/MC
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Are clouds reflecting Sgr A* radiation?

Puzzling result: constant FeKa emission

Cosmic ray electrons

-

et s the X-ray emission induced by cosmic rays?
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Super-luminal echo = clouds as mirrors

XMM: Fe Ka emission
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=» Clouds are
mirrors of past
activity

e.g. Ponti +10;+13



Some recent major results

Zhang +13 Q) NuSTAR: 10-20 keV
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Some recent major results

Fe Ka emission SarC - 2000-2001

SgrD

Terrier+18
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All Fe Ka bright regions are variable

See also Ponti+10;+13;+14; Clavel+13;+14; Yusef-Zadeh+13a,b;+19; Marin+14; Koyama+14;+18; Zhang+15; Mori+15;
Nobukawa+15; +16; Walls+16; Krivonos+14;+17; Churazov+17a,b,c; Chuard+18; Chernyshov+18; Kuznetsova+19;
Di Gesu+20; Khabibullin+20a,b




Future prospects: X-ray polarisation!

Degree of polarisation 2vr Cloud distribution in central molecular zone
Kruijssen +15 Churazov+17b
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Achievable with IXPE (2021) EXTP (2027)
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See also Ponti+10;+13;+14; Clavel+13;+14; Yusef-Zadeh+13a,b;+19; Marin+14; Koyama+14;+18; Zhang+15; Mori+15;
Nobukawa+15; +16; Walls+16; Krivonos+14;+17; Churazov+17a,b,c; Chuard+18; Chernyshov+18; Kuznetsova+19;
Di Gesu+20; Khabibullin+20a,b



Sgr A*’s present and past activity

A
—+-104
Lsgrar=Ledd
Lsgra*~ 2%103° erg s-1 1 104
~102 years ago
Sgr B2, Bridge, 4104
MC1, MC2 Q__.
* 8%
Can we go further ) ¢ t100 EE
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50kmst MC
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Although 106 times brighter = No influence on CGM




Distribution of remnants and outflows

Ponti +15

ATLAS OF DIFFUSE X-RAY EMITTING FEATURES

Nuame Other name Cuordinates Size References
(1, b) arcsec
STAR CLUSTERS:
Central star cluster 3599442, -0.046 0.33 45.116,117,118
Quintuplet 0.1604, -0.0591 0.5 163,11
Arches G0.12+0.02 0.1217,0.0188 0.7 123456,7893940.11
Sh2-10 DBO0-6 0.3072,-0.2000 1.92 10,11,12,63,11
Sh2-17 DB00-58 00013, 0.1588 1.65 1363.11
DBO0-03 G0.33-0.18 031-0.19 0.1 2263,11
SNR - BUBBLES - SUPER-BUBBLES:
G359.0-09 G358.5-09-G359.109 359.03 -0.96 26 x 20 X-R 48.,51.75.76.81.119.120
G359.07-0.02 G359.0-00 359.07,002 22 X 10 R 14 48 51,66
G359.12.0.05 359.12,.005 24 X 16 X 66
G359.10-05 359.10.-0.51 22 x 22 X-R 374851,56,74,75.81.120.,121
G359.41-0.12 359.41,-012 3.5 x 5.0 X14
Chimney 359.46 +40.04 6.8 X 2.3 X114
G359.73-035% 359.73.-035 1 X 58
G359.77-009 Superbubble 359.84.-0.14 20 x 16 X 15161738
G359.79-026h 359.79.-026 8 x 3.2 X 15161758
G0.0-0.16tt 000,016 X This work
G35987+044 Cane 359.87 +#0.44 11 x5 R48
G359 85+039
20pc Sgr A* s lobes 359.94,-0.04 5.88 R323334,17
G35992-009% Parachute - G359.93.0.07 359.93,009 1 R 353843.4758,6061
Sgr A East G0.0+00 359.963, 0053 3.2x 25 X-R 5,18,19,20 48,75 81
G0.1-0.1 Arc Bubhble 0.109-0.108 13.6 x 11 X This work
G0.13-0.12b 0.13-0.12 3x3 X17
G0.224-0.032 0.224,-0.032 23 x 1.6 X This work
G0.30+0.04 G0.3+00 03440045 14 x 8.8 R 2148,5181,82
G0.34+0.05
G0.33+0.04
G0.40-0.02 Suzaku J1746.4-2835.4 040002 1.7%x 74 X22
G0.42-0.04
G0.52-0.046 051900460 2.4 x 5.1 This work
G0.57-0.001 0570001 1.5 x 2.9 This work
GO57T0O018T CX0 J174702.6-282733 05700018 0.2 X 23,24 58 59,68 80
G0.61+0011 Suzaku J1747.0-2824.5 0.61+0.01 2.2x 4.8 X 226579
G0I9+019 SNR 0.9+0.1 0.867 40.073 7.6 X 7.2 R252627282948,758182
DS1 G1.200 1174000 3.4 x 6.9 X3
SgrD SNR GLO2-0.18 102017 10 X 8.0 R3031 485175778182
G1.05-0.15
(10501
II(] 10 % 10 R 7381 82

Possible influence on CGM?

=» Powering outflows to
Galactic center lobe?

Law +11; Crocker +11; 12;
Yoast-Hull +14; Jouvin +15

Atlas of al

3.5%104 yr-1 < SN rate <15x10-4 yr-1

Massive kinetic energy input > 1.1x1040 erg s-1



Discovery of high latitude hot plasma

What is this?

------
““““

Ponti +15

1.000




Galactic center radio lobe

Radio emission
Galactic Center Radio
Lobe




What is the oric hot plasma?

atmosphere of the Galactic center?®

Base of Galactic wind? Crocker +12

Past Sgr A*’s AGN-like activity? Bland-Hawthorn & Cohen 03

Extensive X-ray scan

Intensity of 1 keV
thermal plasma



Suspense....



ESA News/XMM-Newton/G. Ponti 2019, Nature

2.35-2.56 S xv
2.7-3.0 keV

light years

chlmney

ik K’f‘ /4
Galac’ac |ane e "

/.
¥ Sagittarius A*v;__

:‘,;2?".".*.‘ R

Y- Flow molecular matter

”?.. o L ¥ .
] o " - / ~
» <
| [ 5
! . -3
3 " Z G ‘\\,
S F. G aant - .
N - [ .
- 2 »
) . 5 A
\ "9‘ ' @ . " /
" .
-~ L L
- = - &




ESA News/XMM-Newton/G. Pq'ﬁti'*ZOO-‘IQ, Nature °
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Galactic Iatltude

ESA News/XMM-Newton/G. Ponti 2019, Nature
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Galactic latitude

The radio view of the Chimneys

___a___h___.____

ESA News/XMM- Newton/G Pontl 2019 Nature
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Outflow has radio counterpart



Multi-phase multi-epoch Galactic outflow

Ponti+20

Hot plasma (X-rays)
warm dust (mid-IR) =»
shocks (radio)
=» Deeply interconnected and linked to
the Galactic outflow

Coherent features
on > 102 pc scales

=» Strong shocks at the chimney-ISM
interface (radio + shorter-lived dust emission)

=» AFGL 5376 > 0.1 kpc molecular shock
Uchida+94

SRS ) -rays: 1.5-2.6 keV
PR Mic-IR: 22.2/12.08 pm
S " Radio: 1.284 GHz



Large scale cold Galactic outflow

Ponti+20 : Velocity LSR (km/s)
—-300 —200 —100 O 100

200

Galactic Longitude (deg)
McClure-Griffith+13; Di Teodoro+18;+20; Lockman+20

t the base of the Fermi bubbles



Small scale molecular Galactic outflow

Ponti+20 AR

Molecular outflow
(Polar Arc) Hsieh+16

X-ray only Ponti+15 :

f SgrA’s :
f /blpolar lobes

Molecular outflow
(Hourglass feature)

Hsieh+15;+16
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Multi-phase multi-epoch Galactic outflow

Ponti+20

Hot plasma (X-rays)
warm dust (mid-IR) =»
shocks (radio)
=» Deeply interconnected and linked to
the Galactic outflow

Coherent features
on > 102 pc scales

o | '4'{ -» Strong shocks at the chimney-ISM
" o interface (radio + shorter-lived dust emission)

Hs* survey = outflow
1= of warm diffuse gas oka+20 =» AFGL 5376 > 0.1 kpc molecular shock

L , W : SR . 359 .
R Lo i - =» Multi-phase (hot, molecular, warm-diffuse)

=» Multi-scale and multi-epoch outflow

SRS ) -rays: 1.5-2.6 keV
PR Mic-IR: 22.2/12.08 pm
S " Radio: 1.284 GHz



Multi-phase multi-epoch Galactic outflow

Hot plasma (X-rays)
warm dust (mid-IR) =»
shocks (radio)
=» Deeply interconnected and linked to
the Galactic outflow

Coherent features
on > 102 pc scales

=» Strong shocks at the chimney-ISM
interface (radio + shorter-lived dust emission)

=» AFGL 5376 > 0.1 kpc molecular shock
=» Multi-phase (hot, molecular, warm-diffuse)
=» Multi-scale and multi-epoch outflow

=» Vertical (dominant? B~0.1-1 mG) magnetic
field diverging beyond |b|~0.5°

=» Hot (x-ray) plasma cannot drive outflow
Relic? Dark? outflow

What we do not understand:
Radio: 1.284 GHz Origin of protrusion?
o TR b . . Why not perfectly symmetric?
TN RN X-rays: 1.5-2.6 keV
Mﬁ'é]c{[;s@g 22.2/12.08 um Relic outflow? Dark outflow?
AR Radio: 1.284 GHz AGN driven? Starburst?










The channel feeding the Fermi bubbles

|

"# Does have an effe B -

ESA News/XMM-Newton/G. Ponti et al. 2019, Nature



v ¥ -

Summary X-ray polarisation
=>» Derive Sgr A*’s light curve
- 3-d distribqtion of clouds

-

Ponti+20

: 1° — T - Discovered the channel | 1057
z 1043 connecting the activity at the Milky
T Way center with the Fermi bubbles

1 103

e, => Outflow multi-phase,
" ol MUlti-epoch and multi-scale

1035—

o
Frequency (Hz)
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I I I I | * >1033 erg s
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eROSITA (spektr-RG)’s launch
Baikonur, July 13th, 2019
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Map the flows of hot Galactic
e Baryons e

Council Council
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Conclusions  x.ray polarisation

=>» Derive Sgr A*’s light curve
=» 3-d distribution of clouds

T

g" 50 yr
Ledd b I ]ib
el 200 yr
¢ «

500 yr
.

Ponti+20

=» Discovered the channel connecting the
activity at the Milky Way center with the
Fermi bubbles

Fermi Bubbles
(starburst event?)
Magellanic stream

*

Starbursts?

=» Outflow multi-phase, multi-epoch and
multi-scale

eROSITA = flows of hot Baryons
- between the alactic disc and halo
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How can a super-luminal echo happen?

Projector Wall

Velocity observed on the screen 1m/1s

To change
slide1s

Wall distant 1 m

e.g. Ponti +10;+13



How can a super-luminal echo happen?
Wall

Projector

Velocity observed on the screen 3c!!!

To change
slide1s

Wall distant ~900000 km

The physical variations happens in the projector! . . . .03
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Conclusions  x.ray polarisation
& =>» Derive Sgr A*’s light curve
=» 3-d distribution of clouds
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Ponti+20

Fermi Bubbles
(starburst event?)
Magellanic stream

*

Starburst?

Luminosity
(erg s?)
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=» Discovered the channel connecting the = Synchrotror'iy-With
activity at the Milky Way center with the ] cooling break!
Fermibubbles = [

107 108
Ponti +13; +14;gummatit
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