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How to measure turbulence?
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(QSO absorption line+ionization modeling) (In expanding superbubbles)
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How to measure turbulence in
spatially-resolved, individual sources?

Kinetic energy budget, turbulence cascade, driving mechanism,

stellar/AGN feedback, etc.
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QSO halo at z=0.57,
OIlll] emission seen in
VLT/MUSE data
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Surface Brightness (x10™ ¥ erg s™! cm ™2 arcsec™)
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Surface Brightness (x10™ ¥ ergs™! cm
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Sample compiled from:;
* Independent program by Pl Celine Peroux
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Using MUSE to trace the cool (7 ~ 10*K) gas up to =100 kpc around QSOs at
z=0.5—1.1

Surface Brichtness (X10_18 er S—l Cm—2 arcseC—Z) Surface Brightness (x107 18 erg s™! cm™2 arcsec ™)
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LOS velocity (km/s)
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Use velocity structure function (VSF) to probe gas dynamics

| 107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...

LOS velocity (km/s)
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Use velocity structure function (VSF) to probe gas dynamics

107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

| 107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

| 107 ~ 83 kpc VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

107 ~ 83 kpc VSF: S,(r) = (|V(x) = v(x + NI’ ),p=1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

10, ~ 83 kpc VSF: 5,(r) = (|¥(x) = ¥(x + 1) |”).p = 1,2,3...
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Use velocity structure function (VSF) to probe gas dynamics

VUM 107 ~ 83 ke VSF: S,(r) = (|9(x) = ¥(x + 1) |”),p = 1,2,3...
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LOS velocity (km/s)
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Use velocity structure function (VSF) to probe gas dynamics

VSF: S (r) = (|v(x) =v(x+ ) |"),p =1,2,3...
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A system with Kolmogorov slope
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2nd-order VSF consistent with subsonic motions

[OI1] grad. removed (OI11] OI11] grad. removed (MC+2024)
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2nd-order VSF consistent with subsonic motions

|OIIT] grad. removed |

(MC+2024)

ol

T TR = T TP ——— N
— | 1! el I 1| . .
St ‘111 With gradient model removed to account for bulk flow 2/3 (PSF convolved)
NN HIray RN ey y T i N . 2/3 (no PSF)
RERP BERPtc R S T v e
:,,Hj:(}‘” P it PRI — . . 1 (no PSF)
T AT i = AT M &S v PKS0454—22
2Zith = A0 ST A L A1 1 A I é o e PKS0405-123 S
/L ik L/ mAr g Plegit 4 B e s (N A PKS0405—123 E
I . -G TRY e LA Tk @ Tl YR 11 [ LA vy ~ _
h *yhf' | ,Hi'ﬁ ; V{:'i;-"" | d 1 *  PKS0552—640
o « i “l o | T4 ] ¢ TXS0206-048
L4 L I|.I.|I| | | IR R y 4 I|.I.| | | IR e 4 II.III | | IR
[ [ I“I I | I I II I’,IA [ I"I I | I I II L [ I"I I | I I [, I’,I
= = L E L = E
- - I 0te -+ I e I .
- . C e _ I e T & -
i - R T ]
B _ ML - BT 3 - -
= Ry _, Ao} ’ 1 { O HE0238-1904
i I. :: o & J0454—6116
— 1 ™7 Iﬂl-__“ - ]
e _ II>D O ity s 75 e = /T i 3 1 = J2135—5316
/ 2 LI\ —— B 1 b, ]
4 S8 i W EdeGs i 1l : o
g oo 3>[fs>;,-_ LR Slopes: consistent
1 ~ 1l ! ol K _‘ 1 ! r | )
S f L f with or flatter than
L1 | I R IR | IR B A A A DT T | I RS S ERERTTTE | N L
10! 102 10! 102 10! 102 10! 102 Kolmogorov
Separation 70 (kpc) Separation 70 (kpc) Separation 7pe; (kpc) Separation rp0; (kpc)



" Caltech

Cool gas is dynamically coupled to the hot phase
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Turbulent energy is a small fraction of L,

T T 1] i
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Turbulence is likely driven by large-scale interactions
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« With halo masses ~ 103 — 104 M, sound speed ~ 150 — 500 km/s for

hot phase (in contrast, sound speed = 15 km/s for cool phase)
Mach_,, ~ 7 — 18 vs Mach; , ~ 0.2 — 1.8

« E ~ 10* erg s~ within 50 kpe, ~ 0.05 % Lyy; os0

» No clear detection of flattening at large scales (i.e., energy injection); V725 B A
turbulence is likely driven by large-scale interactions (e.g., galaxy mergers) (Faucher-Giguére & Oh, 2023)
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Q3D JWST Early
Release Science Project
(Wylezalek+2022,
Vayner+2023,
Veilleux+2023,
Vayner+2024)

[Olll] emission detected by JWST/NIRSpec IFU
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cm_2 arcsec %) LOS velocity (km/s)
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SB (x10 Y ergs™ em ™2 arcsec™2) LOS velocity (km/s)
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SB (x10 Y ergs™ em ™2 arcsec™2) LOS velocity (km/s)

Caltech
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Elevated turbulent
energy in environments
- with feedback
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