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THE BARYON CYCLE, FEEDBACK, AND GALAXY EVOLUTION

Galaxy luminosity

Tumlinson+17 Silk & Mamon+12
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GALAXY CLUSTERS e 117689

i " E \ .

o Largest objects in Universe " ”;.\ * . " |

o 10s —100s of galaxies, often dominated bya & -
brightest cluster galaxy (BCG) N

5 ~10M - 10 Mg

\:“_ d
’-.‘. &+ woS

michael.calzadilla@cfa. harvard.edu | Evolution of the AGN Feedback Cycle | 25 Years of Chandra Symposium



GALAXY CLUSTERS

o Largest objects in Universe "

o 10s —100s of galaxies, often dominated by a
brightest cluster galaxy (BCG)

5 ~10% - 1015 M,

o Hot (107 K) intracluster medium (ICM)

makes up most (>90%) of the luminous
matter

o Inner ICM = CGM of BCG

o Gives off X-rays via radiative cooling
(e.g. Bremsstrahlung)

HST (optlcal) + Chandrg (X ray)
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THE COOLING
FLOW PROBLEM

X-ray flux o« n2 /NT
U

Cold and dense core

U

Expect high star formation rates
(SFRs) in BCGs

\." ‘ 3\ /-.. '* s ¥ ; o .. ey ‘ "/ .

HST (optlcal) + Chandrg (X ray) " ¥
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Star Formation Rate

THE COOLING FLOW PROBLEM

(107 nearby clusters, Chandra + multi-wav archival data)

ICM Cooling Rate

1000.000 - ol
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chl + — ~
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10% .-” =
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Only 1% of that cooling actually forms stars!
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SFR = (0.014 % 0.004) dM/dt + 0.6 dex -
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Star Formation Rate

SOLUTION: AGN FEEDBACK A5 A THERMOSTAT

Hlavacek-Larrondo+15

(107 nearby clusters, Chandra + multi-wav archival data) 104
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1000.000 - AGS -
AR -~ e
100.000 [ e = - °
- —1= |
100%_ = s B
10.000 -~ 1 - - HE L ke - 2
10% WX | =N —
1.000 o = 1= - e _L__: 7 O
; 0
—a T T o |0
0.100 -~ -+ — o '
% T Z
0.010 - 7 2 * SPT-SZ Clusters (z=[0.3-1.2]) Il AV
IPV. MACS Clusters (z=[0.3-0.55]) @
0.001 Lo R I . R | . | 0'2 Rafferty et al. (2006, z<0.3) o
10 100 1000 4PV IGPV Nulsen et al. (2009)
ICM Cooling Rate 10-2 100 102 104

Cooling Luminosity (1042 erg/s)

michael.calzadilla@cfa.harvard.edu | Evolution of the AGN Feedback Cycle | 25 Years of Chandra Symposium



0
MULTIWAVELENGTH VIEW OF AGN FEEDBACK
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EVOLUTION OF THE AGN FEEDBACK CYCLE

, ; ] A o Multi-wavelength observations of galaxy clusters
B L best way to see entire baryon cycle in largest galaxies

o AGN feedback biggest driver of BCG evolution
o Some remaining questions:

o How long has this balance been in place?

o Have the conditions for triggering cooling and feedback
evolved?

e 8 B o o Has feedback’s effectiveness changed with time?
<

o Only recently able to start addressing these thanks to

L Xray (..)p’ri'cof Radio .
P e : SZ surveys
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EVOLUTION OF THE AGN FEEDBACK CYCLE

; : | s Multi-wavelength observations of galaxy clusters
B L best way to see entire baryon cycle in largest galaxies

AGN feedback biggest driver of BCG evolution
Some remaining questions:

How long has this balance been in place?

Have the conditions for triggering cooling and feedback
evolved?

e 8 i S Has feedback’s effectiveness changed with time?

Only recently able to start addressing these thanks to

y' Opticak Radio .
e . SZ surveys
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ENTROPY THRESHOLD FOR TRIGGERING

COOLING AND FEEDBACK

T

10°F

— H-a detections
H-a limits

44444
—

Entropy (keV cm °)

[a—
)
) T T

————-

ICM becomes
thermally unstable
below this threshold

Entropy = n;Z/SkT :

|

1 10 100
Radius (kpc)
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ENTROPY THRESHOLD FOR TRIGGERING
COOLING AND FEEDBACK

L., [10* ergs s™]

Cavagnolo et al. 2008 ICM becomes
108 Fr————rr thermally unstable —
F *e below this threshold o : 2<0.20
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ENTROPY THRESHOLD FOR TRIGGERING
COOLING AND FEEDBACK

L., [10* ergs s™]

Cavagnolo et al. 2008 ICM becomes
108 Fr————rr thermally unstable —
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HAVE THE CONDITIONS FOR TRIGGERING
COOLING AND FEEDBACK EVOLVED?

Cavagnolo et al. 2008
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Sunyaev-Zel’dovich (SZ) EFFECT

. . . P . ( .. 7 ‘ "
Redshift-independent detection of galaxy clusters P Ean . ; 2
. . g ' - . @ - :
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MULTIWAVELENGTH DATA
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MULTIWAVELENGTH DATA

gri (DECam)
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T T T T T T T -
C Model spectrum (best fit) /,LO’ SFRyom = 42.1 *17 M, yr! i .
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MULTIWAVELENGTH DATA

2 GHz (ATCA)

AGN activity
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Look for detection of radio source
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amount of star formation

TRIGGER FOR STAR FORMATION PERSISTS FOR 10 GYR

lookback time (Gyr) |
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amount of star formation

TRIGGER FOR STAR FORMATION PERSISTS FOR 10 GYR

104677
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1046 L
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HAVE THE CONDITIONS FOR COOLING EVOLVED?
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HAVE THE CONDITIONS FOR FEEDBACK EVOLVED?
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COOLING-FEEDBACK CONNECTION AT HIGH-Z

SPARCS 1049 o e

o Not as tight in the past as it is today (Birzan+17) ' ’
o Conditions in the past:

o Higher merger rate (e.g. Brodwin+13, Lotz+13)

o Higher gas availability and SFRSs (e.g. Madau & Dickinson 14)

o Higher quasar fraction rather than radio mode AGN
(Somboonpanyakul+22, Hlavacek-Larrondo+13)

o Case study: SpARCS 1049
5 z=17, M=3x101 M,
o Massive starburst: ~860 M/ yr (Webb+15a,b)

o ICM and SF not centered on BCG - no feedback -
(Hlavacek-Larrondo+20)
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FUTURE WORK

SPT-3G: ~5000 clusters out to z~2

- Will use ML to characterize

- Subset of hundreds of clusters with
X-ray+optical+radio to probe

beginnings of AGN feedback cycle
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MACHINE LEARNING CLUSTER DYNAMICAL STATES

e N\ 7 N (
Graph Representation Feature Extraction Classification

Relaxed

SN

Disturbed

[ £

Nodes = galaxy positions + magnitudes Graph RelLU + Summary Fully Connected
Edges = disfinces between galaxies convolutions  pooling Features Network

Train on simulation = apply to real SPT-3G sample
Disentangle BCG growth and BH fueling mechanism from evolution
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PRELIMINARY: EVOLUTION OF FEEDBACK EFFECTIVENESS

Steeper-than-unity slope out to high-z, but no significant evolution in average efficiency

05k This work (w/ upperlims) ]
T This work (w/o upperlims) ]
[ Calzadilla+22 1
. 0.0 ~+ McDonald+18
T I
e I
> 5 0.5}
o) 3 i
> S i
5 o e . J
% (L;-') —-15F | I '_l B
[ o o
A -2.0 r
> g
2 I
=25
® Calzadilla+22
T ® This work (z<0.75) |
This work (z>0.7) | -30p
_%0- - -1-5- — -210- — -2'5- — '3'0' — 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

10g Moot [Mo yr
og 1 [Me yr =] Calzadilla+24b (in prep.)
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EVOLUTION OF AGN FEEDBACK
CONDITIONS IN GALAXY CLUSTERS

(arXiv:2311.00396)

Clusters are a great way to see entire baryon cycle

AGN feedback drives evolution of BCGs

At low-z, feedback is triggered when ICM central entropy
drops below a certain threshold

Chandra synergy with Optical + SZ + Radio dataset:

Show for the first time that this entropy threshold for cooling
persists out to z>1

No significant evolution in this threshold value
Entropy threshold for AGN activity disappears at higher-z

- cooling-feedback connection wasn'’t as tight

Stay tuned for follow-up papers!

Evolution of cooling/feedback efficiency
Machine Learning Cluster Dynamical States

BCG+AGN fuel supply transition from mergers to ICM cooling



BACKUP SLIDES



BARYON CYCLE

Cosmological Accretion Atmospheric Ejection
cererereerrenererenenenee | T )
Baryon Cycle

Y AGN Feedback Cycle
Radiative Cooling | Atmospheric Expansion

1

—» Black-Hole Accretion f—3| AGN Outflows —=»| Atmospheric Heating

> Star Formation |3 Supernovae
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CONDITIONS FOR MULTIPHASE COOLING

[6 iI]I Dlelt:actions:
o 0
e No significant evolution
& B in threshold value
© ] ° v 8
% 107 : 8§ 8 @
=4, 4 -4 ’
: R IR Strong, long-lived connection
: ' between ICM cooling and SF
o1 10
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SPT MULTI-WAVELENGTH CLUSTER SAMPLE

- SPT-SZ 2500 deg® ® [ 1 “XVP” or “SPT-Chandra” or “SPT-100":
SPTpol 100d + ~100 clusters spanning 0.3<z< 1.7
o ¢ $,. . ACT &
2@ ‘ AN - ROSAT-AL Sky .| “Progenitor sample” or “100d-Chandra”:
f_fo ~50 clusters spanning 0.3 <z< 1.4
3 —> (see e.g. Ruppin+21, 23)
ELO
o Multiwavelength follow-up:
o = =1k === = i i SN < X-ray + Radio + Optical /IR spectra
Redshift :

Bleem + 19
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M5000 [1 014 M@ h

AGN FEEDBACK AS A FUNCTION OF REDSHIFT

Ruppin et al. 2023

o Was feedback more violent in the past?

o "Radio-mode” feedback has been

operating for 9+ Gyr —
Q
. . (o . Q
o No significant evolution up to z~1.3 5
~
%
Q
A~
= SPT-SZ 2500 deg® ®
SPTpol 1oegd + o0
Planck-2015 <~ '_|o
10 . . ACT =
C . ROSAT-AIl sky [J
== Redshift evolution W Hlavacek-Larrondo et al. (2015)
[0 Rafferty et al. (2006) © This work (NCC)
—3F A Hlavacek-Larrondo et al. (2012) © This work (CC)
1t - - = 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Redshift Redshift (z)
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SED FITTING WITH PROSPECTOR

vf,, X Constant

1074 1

9 10 11 ) —-12.5 -10.0 -2 0 5 10
logM formed log(sSFR) (yr~!) log(Z«/Z) (t)m (Gyr)

1073

10-6

—— True SED
10-7 ©  Observed Photometry
[ Posterior SED

---- True Parameters
...... Prior
[ Posterior

109 10! 102 50  -25 00 50 100
Aobs (um) log(facn) TAGN
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SED FITTING WITH PROSPECTOR

o Flux calibrate spectrum using calibrated photometry

SPT-CLJ0411-4819, z=0.424, EW(O Il)=-2.42+/-2.07

103 E

102 4

10! E

counts A1

10° -

101 3
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SED FITTING WITH PROSPECTOR

o Fit with delayed-tau SFH plus additional SF burst

L — 107
N &
o0
h 2
<
i £ o
@ & ; QQ) —— Model spectrum (MAP) |
O S B - 7 o) 1013 Observed spectrum \
e g 9% IE ", N O Model photometry (MAP) !
SR IE ] :4.';;{; o I E ¢ Observed photometry
BE 4 : jﬁ AR % g 4000 5000 6000 7000 8000 9000 10000

A [A]
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SATURATION POINT FOR AGN FEEDBACK?

log SFRuq, [om) [Mo yr—1]

Calzadilla+22

1 < log(Mcool) <2
2= 1Og(l\/-—rcool) <3
3 =< log(Mcoo1) < 3.3

]

log SFR = (1.67+0.17) log Moo + (-3.24%0.38) + (0.39+0.09)

SFR = (0.11%0.02) Moo + 0.40 dex
(z) = 0.35 + 0.12

10.75

10.50

SFR = (0.028+0.001) Mo # 0.53 dex
(z) = 0.14 £ 0.10

(z) = 0.06 = 0.05

SFR = (0.00671(7004) Moo = 0.58 dex

15 2.0 25 3.0
109 Mool [Mo yl“_l]

20 -15 -1.0 -05

log Ecool

3.0 -25

11.25

11.00

Density

10.25

0.00

o Relaxing assumption of
constant cooling efficiency:

- Find steeper-than-unity
relation b/w SFR and M.,

o Gradual increase in cooling
efficiency & Gradual decrease
in effectiveness of feedback
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HAS THE EFFECTIVENESS OF FEEDBACK EVOLVED?

Calzadilla+22

SFR.=kb 0.02) Moo * 0.40 dex 11.25

w 11.00

1 < log(Mcool) <2
2= 1Og(l\/-—rcool) <3
3 =< log(Mcoo1) < 3.3

Redshift dependence?

9=028=00.001) Moo # 0.53 dex
(z) = 0.14 + 0.10

Need representative
sample to assess

log SFRuq, [om) [Mo yr—1]

SE Rt @065t 0004) Moo + 0.58 dex

Q200000

log SFR = (1.67%£0.17) log Mo + (-3.24+0.38) + (0.39+0.09)
1.0 - 1I5 - 2IO - 2I5 - 3IO - —é.O —2I.5 —2I.0 —1I.5 —i.O —6.5 0.8'0
]-Og MCOOI [MO yr_l] ].Og 80001
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GRADUAL SATURATION OF AGN FEEDBACK

o SMBH growth rate proportional
to cooling rate:

o Cap on LHS, but not RHS ‘

o Halos can grow via
mergers/accretion, resulting in
undermassive SMBH Small group /sub-halo

- affects mode of AGN feedback

Large cluster/halo
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Radio Mode Feedback Quasar Mode Feedback

MBH < MEdd MEdd MBH = 0.1 MEdd

0%

0%



Radio Mode Feedback Quasar Mode Feedback

Mgy < Mggq M4 Mgy 2 0.1 Mgy
Feedback is jet dominated 100% Feedback is radiation dominated

More effective at suppressing cooling Not as etfective at suppressing cooling

100%



GRADUAL SATURATION OF AGN FEEDBACK

o Gradual transition from
mechanical to radiative
feedback at high M /Mgy

o Not as effective at
offsetting cooling in
clusters

o How then do you stop
cooling?
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SFR VS M.,,,: GRADUAL SATURATION OF AGN FEEDBACK?

Calzadilla et al. 2022

1= log(Mcool) <2 SFR = (0.10£0.02) Moo * 0.39 dex
3 2= 1‘-')g(lwcool) <3
3= 1‘-')g(lwcool) <3.3

Not a coincidence that our quasar
sources are cooling most efficiently

HST [0 1]

HST [0 I]

SFR = (0.028+0.001) Moo £ 0.53 dex
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PRELIMINARY: EVOLUTION OF FEEDBACK EFFECTIVENESS

Steeper-than-unity slope out to high-z, but no significant evolution in average efficiency
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MISSING HIGH POWER RADIO SOURCES

Only missing ~4% of high power
sources expected from low-z

Radio bias to SZ signal:
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FUTURE DIRECTIONS
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USING DENSITY RATHER THAN ENTROPY
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USING [OII] TO MEASURE SFRS

o [OII] probes similar ionization energy to He,

which is « UV

o All consistent with photoionization by young

stars
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o Spatially-resolved maps which allows us to

avoid AGN contamination
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