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Galactic to Intergalactic Scales: How Cosmic Web
Accretion Drives Galaxy Evolution

Pancake+filaments [cosmological] CGM+streams [cosmological+idealized] Streams feeding disks [idealized]

=1

~300 h-1kpc

+

Nir Mandelker, Hebrew University of Jerusalem
Cosmic Ecosystems, Perimeter Institute, July 30 2025
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The CGM/IGM — The Baryon Cycle

CGM: Ryqy <7 < (1~ DRy 16M: (L~ 2)Ryir <7
Circumgalactic medium Intergalactic medium

Tumlinson, Peeples and Werk 2017
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Galaxy Formation |n the Cosmlc Web

Web of V0|ds Sheets Filaments, Nodes due to anlsotroplc collapse (Zel’dovuch 1970)
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Galaxy Formation |n the Cosmlc Web

Web of V0|ds Sheets Fllaments Nodes due to anlsotroplc collapse (Zel’dovuch 1970)
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Dark Matter Distribution
The Millennium Cosmological Simulation
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Galaxy Formation in the Cosmic Web

,_ Ny [(fm_?]_, edge-on _ Ny [em™?], face-on
10k 1 10 102" 102
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kpc k

NM+19b,21

AREPO cosmological simulations
Zoom-in on cosmic webbetween two ~ 5x10%*M, halos at z ~ 2

Typical haloes reside in filaments
Massive haloes fed by narrow streams
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Gas Flows in the Cosmic Web

Cosmic-web
streams feed
galaxies:
Mergers and a
smoother
component

AMR RAMSES
Teyssier, Dekel

Box Size 300 kpc
Resolution 30 pc
z~50-25
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Cold Streams > Disk Growth and Clump Formation

Pichon+11; Stewart+11,13; Danovich+12,15; Codis+12,15; Laigle+15; Tillson+15; Martin+15,16,19;
Ginzburg, Dekel, NM, + 22

- VELA Simulations
Ceverino+14; Zolotov+16;
. NM+17; ...

&

Streams supply
disks with mass,
angular momentum,
and turbulence

Y

Martin+14,15,16,19 (KCWTI)
Arrigoni-Battaia+18 (MUSE)

image velocity (data)  velocity (model) image velocity (data)  velocity (model)

KA K
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Cosmic Noon - A Golden Epoch for Galaxy Formation

Lookback time (Gyr)

12

0O 2 4 6
04 ~T 717
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Cosmic noon
Typical halos at z~2
are ~101-12M4
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High-z CGM in emission — Lots of Cold Gas

SU6LABT | ssa!-sm LhBe Y §5A23\5|:$LA31‘- Ellament 3
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ﬁ 4l 533;? ..‘ Q—;& IE' » QQ" Daddi+20; ;yaemission

s Je KCWI, z~3 (No QS0)
Matsuda+11; Lya emission; Subaru, z~3 (No QSO)

image velo:itr [data)  wvelocity (model) image velocity (data)  velocity (model)

A dda
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Martin+14,15,16; Lya emission
Palomar/Keck Cosmic Web Imager (PCWI/KCWI), z~2-3

.. Borlsova+16 Lya emission
MUSE, z~3-4

Lya nebulae ubiquitous around massive galaxies at z>2 - Cold streams / cosmic filaments?
What powers emission? (Hennawi+09; Dijkstra & Loeb 2009; Goerdt+2010; Fauchere-Giguere+10; Daddi+20)
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High-z CGM in emission — Lots of Cold Gas
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Z?E iffz ‘ @35 f > " Daddi+20; Lya emission
'.
.

. KCWI, z~3 (No QS0)
Matsuda+11; Lya emission; Subaru, z~3 (No QSO)

image velo:itr [data)  wvelocity (model) image velodity (data)  welocity (model)

A ddaa
A L

Martin+14,15,16; Lya emission
| Palomar/Keck Cosmic Web Imager (PCWI/KCWI), z~2-3

Borlsova+16 I.ya EMI&‘IOI\ : Emonts, Lehnert, Yoon, NM, et al 2023
MUSE, z~3-4 ALMA, z~4, CI emission
100K gas, metal enriched

Lya nebulae ubiquitous around massive galaxies at z>2 - Cold streams / cosmic filaments?
What powers emission? (Hennawi+09; Dijkstra & Loeb 2009; Goerdt+2010; Fauchere-Giguere+10; Daddi+20)
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Lya Emission from the Cosmic Web
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) : See also Tornotti+ 2025a,b
Right ascension (J2000)

Umehata+ 2019, MUSE (IFU on the VLT) [\J’Iarti_n+_ 2024, KCWI ;
Lya emission on ~Mpc scales around active Emission Lyc_z forest” at z~2.3,
galaxies in a protocluster at z~3.1 ~Mpc scale filaments

Cosmic web reconstruction from Euclid, DESI, MOONS combined with Lya from KCWI, BlueMUSE, GMT
Unbiased sample of cosmic web filaments in different environments during cosmic noon
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Cold Streams in Hot Halos

Kravtsov+
N i Virial Halo
i ' " it C (Hydrostatic)
/Y v iv4; = - o O/v
o ' 1 \‘9% Tn~106 Kelvin

= = AR ’ )

Vi %,

[ | | . o

A \(e\“‘“
Galactic
Disc

3.0

Birnboim & Dekel 03; Keres+ 05; Dekel & Birnboim 06; van de Voort+11; Fielding+ 17; Stern+20

Atz>2in M, > 102M:
Cold streams (T ~ 10* K) penetrate shock heated CGM (T ~ T,;, = 10° K, hydrostatic equilibrium)

Supplies disk with mass (M, ~ 100Mgyr~t) and angular momentum, drives turbulence and disk
instabilities (Dekel+09b; Danovich+15; Ginzburg+22; NM+24)
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Transition in Accretion Mode - Simulations

z=0 z=1

logy, M (M _fyr)

T
Dark Matter

Hot Gas
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Faucher-Gigugre+11
quire+ 11

Halo occretion rate density
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For 1012M, halos:
Cold mode accretion dominates at z > 2

Hot mode accretion dominates at z < 2

_ 1 1 , . 1 :
1]O.D 105 11.0 115 120 12,5 13.0 105 11.0 115 120 125 13.0 10,5 11.0 115 12,0 125 13.0

log,y My, (M) log,y M, (M) log,, M, (M)

See also: Keres+05; Dekel & Birnboim 06; Dekel+09a; Stern+21

Page 14/36



Transition in Accretion Mode - Observations

|
M guench obsarvatiorlus
L (Daddi et al. 2022b)

| SFRMM'\'

s 7eMO _,
O'l:' ‘ ‘ L Dl s E \, Cold CGM

80 85 9.0 95 10.0 105 11.0 11.5 !
Daddi+ 2022b log M/Mo) 2 odshiftz°
See also: Behroozi+19; Popesso+23

»  Quenching mass: Turnover in galaxy SFR-M* relation
= At earlier times, more massive halos host star-forming galaxies
= High-mass quenching driven by something other than internal feedback
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Transition in Accretion Mode - Observations

|
M quench observatlor!s
(Daddi et al. 2022b)
Ad-hoc bound for cold

stream heating
(Dekel & Birnboim 2006)

Crude bound for cold stream
W | penetration
(Mandelker et al. 2020b)

D mE W

-SFRIR uv

K.z /i'// i
0.1 - *MO E

8.0 85 90 95 100 ]05 ]10 115
Daddi+ 2022b log M/Mg) 2 dshift 23

Quenching mass: Tiurnover in galaxy SFR-M* relation
At earlier times, more massive halos host star-ferming galaxies
High-mass gquenching driven by something other than internal feedback

Suggested link between cosmic web accretion and the decline of the quenching
mass during cosmic noon
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Empirical Model From Observations

— =

log Mo
log M,
log M. sFr
Cold streams : DB06
SR Cold streams : Mandelker 4+ 2020
" @ Virial shocks : DB06
T Vieax = 120 km/s : SN winds

0 4
Rodriguez-Puebla et al (in prep)

Link between stream disruption and the bend of the star-forming main sequence
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Empirical Model From Observations

Time [Gyr]
4 ;

5 6 7 8910
Behroozi+19

Fraction of star-forming massive galaxies seems related to cosmic web accretion
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Fundamental Question

Does a transition in the accretion mode drive the decline of the main-sequence
turnover mass during cosmic noon, and thus the evolution of the cosmic SFR density?

What drives the transition in accretion mode?
« Change in how dark matter halos connect to the cosmic web? (e.g. Aragon-Calvo 2019)
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Cosmic Web Detachment

detachment

- >HFC- UK

Major merger

detachment  #
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Satellite accretion

P

Web interaction

(A)
Aragon-Calvo+19
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Cosmic Web Detachment
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See also “"Cosmic web quenching” (Benitez-Llambay+13; Pasha, NM+23; Herzog+23)

(A)
Aragon-Calvo+19
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Measuring Connectivity in Galaxy Surveys
_ Eil_ap; nts froE
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0 20 40 |
Hasan+24 (incl. NM)

DISPERSE (Sousbie+11) plus Monte-Carlo Physarum Machine (MCPM, aka Slime-Mold —
Burchett+20, Hasan+24)
Currently being applied to SDSS (Hassan+ in prep)

Pirsa: 25070036 Page 22/36



—8— Poisson gravity (1a)
=®- Monge —Ampére gravity (7o)
A COSMO52015 (Darragh — Ford et al. 2019)
4+ Coma (Malavasietal., 2020)
# AMASCFI (Sarron etal. 2019)
4+ Abell 2142 (Einasto et al., 2020)
5DSSDR10 (Einasto et al., 2021)

Connectivity K
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\ © & Y : ... A See also Codis+18;
- - % 9 0.00 0.25 0.50 0.75 100 1.25 1.50 1.75 2.00 .
Boldrini & Laigle 25 ", S @% Redshift z Gouin+21

Complications: Cosmic web filament catalogs are not yet very robust, can depend on method
(e.g. Libeskind+18) and on tracer used (e.g. Zakharova+23)
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Structure and Dynamics of Intergalactic Filaments
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Structure and Dynamics of Intergalactic Filaments
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See also Ramsoy+21
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How do Filaments/Streams Penetrate Halos?

N
CGM virial shock

e l filamentary shock

CFM

cold stream

M, 2 10"°M,
\
Yao, NM, Oh + 25

Rapidly under-pressurized streams may shatter, down to cloudlets of size I.,,; ~ cstcoor

This may explain observations of very large-covering fractions with very small volume-filling
factor (Cantalupo+2019; Pezzulli & Cantalupo 2019), and prevent stream accretion onto galaxies

-0.1 -
Peem - Pvir,halo ~ i ) (1 +Z) g ( A1J,h. )( e )(Vvir)
Perm  Poirrit 3 104, 7/ \1/3/\ V;
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Fundamental Questions

Does a transition in the accretion mode drive the decline of the quenching mass during
cosmic noon, and thus the evolution of the cosmic SFR density?

What drives the transition in accretion mode?

« Change in how dark matter halos connect to the cosmic web? (Aragon-Calvo 2019)

« Do cosmic web filaments no longer harbor cold streams? (Lu, NM, Oh+2024; Aung, NM+2024)

» Do cold streams shatter when they penetrate the CGM of massive halos? (Yao, NM, Oh+2024)
Are cold streams disrupted by instabilities in the CGM?
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Stream Properties: A Toy Model

¥ szir = GMyir [Ryir, C.ﬁot i kBTvir/ﬂ% %

DN1 =M, ~ ¥~ 0.5-2

Chot DN3 = R _fsc

RV tp'
DN2=6=%
Pb

NM+20b

Th ~ Tyir
T, ~ 10* Halo density at R,;, Ve ~ Vyir
Pressure equilibrium Hot gas mass fraction M,; x M,;,.(1+ z)%5 (cosmology)
Fraction of accretion along stream
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Kelvin Helmholtz Instability with Cooling

Importance of cooling in non linear evolution depends on ratio of cooling time in
mixing region, t.,,;ni»» t0 Non-radiative shear layer growth time, ¢,

See also: Gronke & Oh 2018,2020; Ji+ 2019; Fielding+ 2020; Sparre+ 2020; Kanjilal+ 2020; ...

tshear _ Rs

Additional dimensionless number: DN4 = t =

Lcoolmix Rs,crit

Ts,4

Cooling important for R; > R, .,;; = 0.3Kpc ao_ltﬂgoM b

N50.01Amix—22.5

T I
M quencn Observations
® (Daddi st al. 2022b} vV 4

Ad-hoc bound for cold

- . stream heating ,
- {Dekel & Birnboim 20086)
Crude bound for cold stream ,

- . penetration

(Mandelker et al. 2020b) -
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Streams in Halo Potential

Aung, NM+24 Vi/Ve, 8, ng
— 1,100,0.1

1,100, 0.001
1.5, 100, 0.001

Solid lines  — simulations (w/ different stream parameters)
Dashed lines — analytic model

Simulations of streams in NFW halo, M,,;, = 10**Mg, z = 2

» Cold gas inflow rates onto galaxies increase by a factor of ~ 3 due to entrainment
(Implications for galaxy star-formation rates)

- Dissipation leads to total Lya emission of L;,, ~ (0.3 —3)x10*?ergs=*
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Mass Entrainment and Galaxy sSFR (SFR/M.)

M, = 1020,

Aung, NM+24 ¢ Leja+22
¢  Pearson+18

§=3
s=2
s=1
ScoliapeetZ)

—  Sisothermal (Z )

Bathtub model following Dekel & NM 2014 (SFR follows accretion to 15t order)

» Without entrainment (s = 1), sSFR under-predicted by ~ x3

» Entrainment model s(z) matches observations well (hot/cold fractions in streams/halos)
» Accounts for hot gas fraction in CGM and cold gas fraction in cosmic web filament
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Angular'Momentum Buildup by Filament Vorticity

Pichon+ 11; Codis+ 12, 15; Laigle+ 15; Stewart+ 11, 13; Song+21; Lu, NM+24; Wang+25

Fixed radius Fixed position

0.4 0.6 0.8 1 B 0. 0.2 0.4 0.6 0.8

Halo position _ Halo radius

Single quadrant = High halo spin
Multiple quadrants - Low halo spin
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Quenching by High Filament Vorticity

Song, Laigle+21, Horizon-AGN

log M,./Mo
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Galaxies near filament outskirts live in high vorticity environment = Gas has high specific angular
momentum - Less accretion onto galaxy - Lower SFR
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Turbulence driving in High-z Disks

diarpdlent, V/o ~ (1—3)

What are potential drivers of turbulence? S~ F A .
BUIId apanalyfic model for turbulence driving by three sources simultaneously

—| SN Feedback — = — : By

What isThe gorminant driver as :
Radial transport by disk instabilities
Assume the disk self-regulates to Toomre Q parameter Q ~ Z—if ~1

Transport: Dekel+ 2009b; Krumholz & Burkert 2010; Cacciato+ 2012

SN feedback: Faucher-Giguere+ 2013; Hayward & Hopkins 2017

Transport+SN feedback: Krumholz+ 2018

General Conclusions: Transport dominates at high mass and high-z,
Feedback dominates at low mass and low-z

Cosmological accretion

Dekel+ 2009b; EImegreen & Burkert 2010; Genel+ 2012; Hopkins+ 2013

Studies do not agree on efficiency of accretion in driving turbulence!
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Main Takeaway

Cosmic web filaments and cold streams supply galaxy disks with:

1. Mass = fuel for star-formation

2. Angular momentum = Disk growth, planes of satellites, quenching
3. Turbulence

Tihe details depend sensitively on the thermal, kinematic, and morphological
properties of streams as they reach the disk

These are still open issues of ongoing study
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Lya Emission

Mp,=1.0,6=100

M1.0.d100_31 3 M1.0.d100_31000
s M 1.0_c1100_310 ] — M1.0.d100_31e4
M1.0_d100_5100 — M1.0.d100_31eh

3 M1.0.d100 HYD

Lol | I e |

8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Ll t/ ts
MHD suppresses emitted luminosity — magnetic energy amplified
« What about Lya blobs?
» Very similar to hydro result for initial # > 1000
» Even better convergence for M, = 2.0
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