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ABSTRACT

The nascent methodology of applying the principles of causal discovery to astrophysical data has10

produced affirming results about deeply held theories concerning the causal nature behind the observed11

coevolution of supermassive black holes (SMBHs) with their host galaxies. The key results from obser-12

vations have demonstrated an apparent causal reversal across different galaxy morphologies—SMBHs13

causally influence the evolution of the physical parameters of their spiral galaxy hosts, whereas SMBHs14

in elliptical galaxies are passive companions that grow in near lockstep with their hosts. To further15

explore and ascertain insights, it is necessary to utilize galaxy simulations to track the time evolution of16

the observed causal relations to learn more about the temporal nature of the changing SMBH/galaxy17

evolutionary directions. We conducted experiments with the NIHAO suite of cosmological zoom-in hy-18

drodynamical simulations to follow the evolution of individual galaxies along with their central SMBH19

masses (M•) and properties including central stellar velocity dispersion (σ0). We reproduce the causal20

results from real galaxies, but add clarity by observing the SMBH/galaxy causal directions are notice-21

ably inverted between the epochs before and after the peak of star formation. The implications for22

causal reversal of the M•–σ0 relation portend larger concerns about the reliability of SMBH masses23

estimated at high redshifts and presumptions of overmassive black holes at early epochs. Toward this24

problem, we apply updated causally-informed scaling relations that predict high-z black hole masses25

that are approximately two orders of magnitude less massive, and thus not overmassive with respect26

to local z = 0 SMBH–galaxy mass ratios.27

Keywords: Black hole physics (159); Galaxies (573); Galaxy dynamics (591); Galaxy evolution (594);28

Galaxy kinematics (602); Galaxy nuclei (609); Galaxy physics (612); Galaxy properties29

(615); Hydrodynamical simulations (767); Supermassive black holes (1663)30

1. INTRODUCTION31

It is widely believed that some fraction of the bolo-32

metric luminosity of an accreting supermassive black33

hole (SMBH) couples thermally with the surrounding34

gas in its host galaxy. This energy deposition suggests a35

feedback mechanism that may regulate the growth of an36

SMBH by expelling gas from its host galaxy and quench-37

ing star formation (A. Mastichiadis & J. G. Kirk 1995;38
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L. Ciotti & J. P. Ostriker 1997; L. Ciotti & T. S. van39

Albada 2001; J. Silk & M. J. Rees 1998; S. Ikeuchi 1999;40

A. Renzini 2000; J. S. B. Wyithe & A. Loeb 2003). In-41

deed, V. Springel et al. (2005) presented hydrodynam-42

ical simulations of galaxy mergers, showing how active43

galactic nuclei (AGNs) feedback regulates star formation44

and SMBH growth. The feedback quenches star forma-45

tion, leading to the formation of red elliptical galax-46

ies, providing a compelling explanation for the observed47

galaxy color bimodality. This feedback mechanism sug-48

gests a mechanism whereby an SMBH may causally af-49
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fect its much larger host galaxy, which is typically be-50

tween ≈102–104 times more massive at z = 0 (N. Sahu51

et al. 2019a, their Fig. 12).52

The early theoretical and observational groundwork53

for AGN feedback was laid three decades ago, and54

numerical simulations for the past two decades have55

demonstrated a clear dependency on including the feed-56

back prescriptions in their models in order to repro-57

duce the observed population of red elliptical galaxies in58

the local Universe. Along the way, some observational59

evidence has been presented to support the notion of60

AGN feedback (e.g., K. Schawinski et al. 2007; A. C.61

Fabian 2012; R. Morganti 2017; C. M. Harrison & C.62

Ramos Almeida 2024). Of course, one of the most no-63

table connections between galaxy formation and SMBHs64

is the correlation seen between the stellar velocity dis-65

persion of bulges and the masses of SMBHs they host66

(e.g., L. Ferrarese & D. Merritt 2000; K. Gebhardt et al.67

2000; S. Tremaine et al. 2002; J. Kormendy & L. C.68

Ho 2013; N. Sahu et al. 2019b). However, despite the69

extensive foundation for AGN feedback established by70

theory/simulations and supportive correlations uncov-71

ered from observational searches, there had not been a72

conclusive affirmation of a causal relation (i.e., a clear73

cause/effect relationship beyond a superficial correla-74

tion), nor its direction (i.e., which observable is a cause75

and which is an effect). Recently, studies have sought76

to bring causal discovery (J. Pearl 2000; A. Zanga et al.77

2023; M. Huber 2024) techniques to this problem (M.78

Pasquato et al. 2023; M. Pasquato 2024; Z. Jin et al.79

2024, 2025b,c).80

We studied a sample of 101 SMBHs with dynamically-81

measured masses in our previous work by Z. Jin et al.82

(2025c), hereafter Paper I. In addition to SMBH mass83

(M•), their sample also included six measurements of84

the 101 host galaxies, divided into 35 elliptical, 38 lentic-85

ular, and 28 spiral galaxies. These galaxy measurements86

included the central stellar velocity dispersion (σ0), ef-87

fective (half-light) radius of the bulge (Re), the average88

projected density within Re (⟨Σe⟩), total stellar mass89

of the entire galaxy (M∗), color (W2−W3), and spe-90

cific star formation rate (sSFR). These chosen galaxy91

parameters provide a nice manifold from which to test92

the causal relationships between the SMBH mass. While93

our observational study was not afforded with time se-94

ries data of the galaxies, the separation of galaxies into95

their morphologies allowed for a progressive evolution-96

ary study of causal directions from young spiral galaxies97

to old elliptical galaxies. In our present study, we repeat98

the methodology of Paper I, but with simulations to di-99

rectly track the causal structures with time.100

Paper I performed an exhaustive Bayesian analy-101

sis of all 1,138,779,265 possible directed acyclic graphs102

(DAGs) for the possible permutations of their M• plus103

six galaxy parameters for morphologically-distinct sam-104

ples.4 Among the score-based causal directions uncov-105

ered between all variables, perhaps the most revealing106

result concerns the morphologically-dependent causal107

directions uncovered in the M•–σ0 relation. Paper I108

found that in spiral galaxies, σ0 → M• (i.e., σ0 di-109

rectly causes M•, such that σ0 is considered a parent of110

M•) 22% of the time. Conversely for elliptical galaxies,111

σ0 →M• in 78% of all cases. Unsurprisingly, lenticulars112

lie somewhere in the middle, with σ0 → M• satisfying113

72% of all scenarios.114

In elliptical galaxies, σ0 is the causal driver of change115

(i.e., growth) in M•. Whereas, σ0 is not the driver of116

change in M• in spiral galaxies, therefore it is more117

likely that M• drives the change in σ0. Paper I con-118

cluded that this naturally implies that an SMBH is able119

to affect change in its host spiral galaxy, likely through120

AGN feedback. Given the rich supplies of gas typically121

available in spiral galaxies, this allows a causal path-122

way for an active SMBH to progressively quench its host123

galaxy. By the time a host galaxy has evolved into an124

elliptical galaxy, the quenching process is complete and125

the gas supply has been largely exhausted, leaving no126

medium for an SMBH to continue causally affecting its127

host galaxy. This transition places an SMBH as a pas-128

sive passenger in its host elliptical galaxy, leaving it to129

only evolve as its host causally allows through accretion130

and mergers.131

The novel work of Paper I offered a unique obser-132

vational confirmation of AGNs feedback and cements133

SMBHs and their host galaxies together via their shared134

coevolution. In the present study, we endeavor to ad-135

vance the study of Paper I into the temporal domain by136

tracking the time series changes in causal directions be-137

tween SMBHs and their host galaxies via hydrodynam-138

ical simulations. In particular, our simulations include139

prescriptions of AGNs feedback. Thus, the efforts of this140

work will aim to strengthen the observational confirma-141

tion of AGNs feedback presented in Paper I. Over the142

course of this paper, we present our methodology of us-143

ing numerical simulations (§2), exhibit our results (§3),144

derive new causally-informed scaling relations (§4), and145

provide a discussion of our findings, their implications,146

and overall importance (§5). Throughout this work, all147

mean values are quoted with ±1 standard deviation un-148

4 We look up the number of DAGs with n labeled nodes from
The On-Line Encyclopedia of Integer Sequences (https://oeis.
org/A003024).

https://oeis.org/A003024
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certainties and all median values are quoted with ±1149

median absolute deviation uncertainties.150

2. NUMERICAL SIMULATIONS151

We conduct our study using simulated galaxies from152

the NIHAO (Numerical Investigation of a Hundred As-153

trophysical Objects) Project (L. Wang et al. 2015;154

M. Blank et al. 2019), which are cosmological zoom-155

in hydrodynamical simulations performed using the156

Gasoline2 code (J. W. Wadsley et al. 2017) with an157

improved smoothed particle hydrodynamics algorithm.158

NIHAO simulations are designed to study galaxy for-159

mation and evolution, covering a broad range of dark160

matter halo masses, from dwarf galaxies to massive el-161

lipticals. The primary goal of the project is to real-162

istically model the complex processes involved in how163

galaxies form stars, grow, and change over cosmic time.164

NIHAO simulations have been very successful in repro-165

ducing observed relationships, such as the inefficiency166

of galaxy formation (the stellar mass to halo mass rela-167

tion) and the connection between star formation rates168

and stellar masses (M. Blank et al. 2019). A key focus is169

understanding the impact of stellar feedback and the in-170

fluence of SMBHs on their host galaxies. By comparing171

these detailed simulations with observational data, the172

NIHAO project provides crucial insights into the phys-173

ical mechanisms that drive galaxy evolution and shape174

the properties of galaxies, including their dark matter175

halos, across the Universe.176

2.1. Galaxy Property Extraction177

For each central galaxy in our NIHAO sample, we ex-178

tract five physical properties for causal discovery anal-179

ysis, measured at every simulation snapshot with the180

pynbody package (A. Pontzen et al. 2013):181

• Black hole mass (M•): Mass of the most mas-182

sive black hole particle in the central halo, isolat-183

ing the primary SMBH and excluding lower-mass184

merger remnants. Reported in solar units using185

the pynbody particle filter and halo catalog.186

• Stellar mass (M∗): Total mass of all bound star187

particles in the central halo, converted to solar188

mass units.189

• Effective radius (Re): Three-dimensional spher-190

ical half-light radius. Defined as the radius en-191

closing half of the total V -band luminosity of the192

stellar population, reported in kiloparsecs.193

• Central velocity dispersion (σ0): Stellar ve-194

locity dispersion of bulge stars within 5 kpc and195

with negative angular momentum (random, non-196

rotational motion) along the z-axis (jz < 0). A197

logarithmic radial profile (100 bins) is constructed,198

and the dispersion is interpolated within 595 pc.5199

• Specific star formation rate (sSFR): Ratio of200

the star formation rate (SFR) to total stellar mass.201

The SFR is obtained by binning the star formation202

history into the 64 simulation snapshots (216Myr203

spacing). The resulting sSFR, in units of Gyr−1,204

quantifies star formation activity relative to stellar205

mass.206

3. RESULTS207

3.1. Star-forming and Quenched Galaxies208

We begin our study by looking at 55 simulated galax-209

ies that reached z = 0 and grouping them into 28 star-210

forming galaxies and 27 quenched galaxies. We classify211

the galaxies as either star-forming or quenched at z = 0212

by a cut in the SFR at log(sSFR/yr−1) = −11 (see the213

left plot in Figure 1). This cut is such that it produces214

a clear bimodal distribution across all of the galaxy pa-215

rameters (see the right plot in Figure 1). Coincidentally,216

this sSFR cut also divides our sample almost in half (28217

vs. 27).218

Over the evolution of our simulated galaxies, we track219

the SFR of our galaxies as a function of time (Figure 2).220

At z = 0, some galaxies have not yet reached their221

peak SFR; these galaxies are still in their “star-forming”222

phases. Conversely, other galaxies at z = 0 have already223

reached their peak SFR and are now on the decline (Fig-224

ure 2); these galaxies have reached their “quenched”225

phase. This turnover in the star-formation rate helps226

us distinguish between a galaxy’s period of active star227

formation and its subsequent period of quenching, where228

star formation slows or stops.229

3.2. Confirmation of a Causal Reversal230

Having grouped our simulated galaxies into star-231

forming and quenched, we then perform our causal dis-232

covery by computing the score-based exact posterior233

Bayesian distribution (see Paper I, for complete details)234

for all 29,281 unique DAGs for our combination of five235

simulated parameters (M•, σ0, Re, M
∗, and sSFR). We236

present the sum contributions from all DAGs in edge and237

path marginal6 matrices along with the corresponding238

5 Chosen to match the homogenized dispersions of I. Jorgensen
et al. (1995) in HyperLEDA (D. Makarov et al. 2014) and the
observational analysis of Paper I.

6 The terminology edge and path marginals refer to the type
of connections in a DAG. Edge marginals refer to all direct
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Figure 1. Left: A plot of specific star-formation rate vs. stellar mass. Here, we use a cut ( ) at log(sSFR/yr−1) = −11
to demarcate the 28 star-forming galaxies (•) from the 27 quenched galaxies (•). Right: A pairplot of all the investigated
parameters for the galaxies in this study. This pairplot illustrates the effectiveness of the log(sSFR/yr−1) = −11 cut, which
creates a clear bimodal distribution across all of the variables between star-forming galaxies and quenched galaxies.

Figure 2. Evolution of a typical NIHAO galaxy that tran-
sitions from star-forming to quenching (one of 27). The plot
shows the star-formation rate as a function of stellar mass.
The stellar mass increases approximately monotonically as a
function of time (indicated by the color of the marker). The
star-formation rate initially increases until it reaches a max-
imum and then it steadily decreases. We use this turnover in
the star-formation rate as a discriminator between a galaxy’s
star-forming epoch and its quenching epoch.

connections (i.e., an arrow directly from one node to another),
while path marginals refer to all direct and indirect connections
between nodes. For this reason, the variables in edge marginals
are refereed to as “parent/child” versus “ancestor/descendant”
in path marginals. Thus, path marginal values are always

single most probable DAG in Figure 3. Focusing primar-239

ily on the parent/child relationships with M•, we find240

a clear trend of M• being a parent of all galaxy prop-241

erties in star-forming galaxies, and oppositely a child242

of all galaxy properties in quenched galaxies.7 These243

results are in tight agreement with the morphologically-244

separated (spiral galaxies vs. elliptical galaxies, respec-245

tively) samples in the observational study of Paper I.246

In Table 1, we provide a comparison of all our edge247

and path marginals for simulated and the correspond-248

ing results for observed galaxies from Paper I. In each249

case, we group together and compare the values for spi-250

ral galaxies from the observational study of Paper I with251

star-forming galaxies from our simulation study. Sim-252

ilarly, we group together and compare the values for253

elliptical galaxies from the observational study of Pa-254

per I with quenched galaxies from our simulation study.255

Overall, we find close agreement in the causal directions256

and relative edge and path marginal values between the257

observed and simulated galaxies.258

In particular, we focus on the edge marginals con-259

cerning the M•–σ0 relation, i.e., P (M• → σ0) and260

P (σ0 → M•). We find P (M• → σ0) = 62% for ob-261

served spiral galaxies vs. 58% for simulated star-forming262

greater than or equal to edge marginal values because parents
are always ancestors of their children, but ancestors are not
always parents of their descendants.

7 To clarify, we find that SMBHs are not significantly causing
galaxy properties in quenched galaxies, as long as the galaxy
remains quenched. The caveat here is that if star formation
gets reignited in a galaxy, this will allow the SMBH to reestab-
lish causal influence on its host galaxy via AGN feedback.
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Figure 3. Edge (top row) and path (middle row) marginal matrices and the most probable directed acyclic graphs (DAGs;
bottom row) for the 28 simulated star-forming galaxies (left column) and 27 simulated quenched galaxies (right column) at
z = 0. These matrices clearly indicate a change in color between the first rows of each matrix and also between the first
columns of each matrix. These changes represent higher probabilities for M• causing host galaxy properties for star-forming
galaxies (left matrices) and M• being caused by properties of their host galaxies in quenched galaxies (right matrices). Indeed,
the corresponding DAGs reflect M• directly or indirectly causing all the simulated properties of its host galaxy in star-forming
galaxies (left DAG) and M• being caused by all simulated properties of its host galaxy in quenched galaxies (right DAG).
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galaxies. Similarly, we find P (M• → σ0) = 19%263

for observed elliptical galaxies vs. 18% for simulated264

quenched galaxies. For the opposite causal direction265

P (σ0 → M•), we find 22% for observed spiral galax-266

ies vs. 33% for simulated star-forming galaxies. Simi-267

larly, we find P (σ0 → M•) = 78% for observed ellip-268

tical galaxies vs. 69% for simulated quenched galaxies.8269

These comparisons demonstrate a dominant preferential270

causal direction from M• → σ0 for both observed spiral271

galaxies and simulated star-forming galaxies. Comple-272

mentarily, we find a dominant preferential causal direc-273

tion from σ0 →M• for both observed elliptical galaxies274

and simulated quenched galaxies.275

3.3. Causal Reversal in the M•–σ0 Relation276

In Figure 4, we present a graphical representation of277

the time evolution of the causal M•–σ0 relation, relative278

to a galaxy’s age at the peak of star-formation (Tpeak)279

and at z = 0 (Tz=0). This timeline of causality demon-280

strates how P (M• → σ0) > P (M• ← σ0) is consistent281

from snapshots Tpeak−1079Myr to Tpeak−432Myr. The282

snapshots at Tpeak, and closest to the peak of star for-283

mation (from Tpeak−216Myr to Tz=0−863Myr), show a284

period of transition where P (M• → σ0) > P (M• ← σ0)285

switches to P (M• → σ0) < P (M• ← σ0), and back286

again. This period of transition could be analogous to287

the variability in a galaxy as its black hole grows and it288

moves toward quiescence, as exhibited by its fluctuating289

fraction of cool gas (T. Wang et al. 2024). Following290

the transition, the snapshots settle to P (M• → σ0) <291

P (M• ← σ0) from snapshots Tz=0 − 647Myr to Tz=0.292

Therefore, we consider our simulated galaxies to firmly293

have the M• → σ0 causal direction during their evolu-294

tion up to 432Myr before their peak star-formation rate,295

and decidedly flip to M• ← σ0 for their futures beyond296

647Myr before Tz=0. This temporal evolution of the297

M•–σ0 relation provides a more finely resolved nature of298

the causal reversal discovered by Paper I from analyzing299

observations of real galaxies segregated by morphology.300

8 The opposing causal directions of the marginals do not nec-
essarily add up to one, i.e., P (X → Y ) + P (X ← Y ) ≤ 1.
This is because there may be some probability that X and Y
are disconnected. Counterintuitively, the edge marginals for
the null case (i.e., the posterior from a uniform prior with-
out any data) do not imply equal probabilities (i.e., 1/3) for
X → Y , X ← Y , and X ⊥⊥ Y (X and Y are independent).
Although, P (X → Y ) = P (X ← Y ) must be satisfied in the
null case. The edge marginals for the null case without any
data for five variables is P (X → Y ) = P (X ← Y ) = 30% and
P (X → Y ) = P (X ← Y ) = 40% for path marginals.

4. CAUSALLY-INFORMED SCALING RELATIONS301

We use the linear regression software Hyper-Fit302

(A. S. G. Robotham & D. Obreschkow 2015, 2016) to303

accurately fit our relations from the observational data304

of Paper I while fully considering uncertainties in all305

variables and intrinsic scatter. Since we will be work-306

ing entirely in logarithmic space, we make the follow-307

ing notations for simplicity: M• ≡ log(M•/M⊙) and308

S0 ≡ log(σ0/km s−1). We will consider M• to be the309

black hole mass derived from the causal M• ← σ0 di-310

rection. Conversely, we will represent the anti-causal311

(M• → σ0) asM′
•. We will denote the intrinsic scatter312

on the dependent variable in all relations as ϵ, which313

is already included in our relations. We note that the314

M•–M
∗ relation also demonstrates an equivalent causal315

reversal (see Fig. 3). Because the M•–M
∗ relation is316

also useful for predicting black hole masses at high-317

z, we will also similarly present its relations here with318

M∗ ≡ log(M∗/M⊙).319

4.1. Baseline: All Galaxies320

Most M•–σ0 relations in the literature are fit to var-321

ied samples of all galaxy types grouped together in het-322

erogeneous mixes of morphological types. However, as323

we have demonstrated with our causal analysis, this is324

not appropriate due to the mixing of the causal and325

anti-causal directions from quenched and star-forming326

galaxies, respectively. For comparison purposes, we fit327

the “wrong” (M′
•) black hole mass as a function of cen-328

tral stellar velocity dispersion from the sample of 101329

galaxies (spirals, lenticulars, and ellipticals) from Pa-330

per I.331

M′
• = (8.25± 0.46) + (4.92± 0.02)(S0 − 2.28) (1)332

ϵ = 0.46± 0.04333

Similarly, we also fit the wrong black hole mass as a334

function of stellar mass.335

M′
• = (8.01± 0.66) + (1.52± 0.01)(M∗ − 10.63) (2)336

ϵ = 0.66± 0.05337

4.2. Spiral (i.e., Star-forming) Galaxies338

For the “correct” causal direction for star-forming339

galaxies, we consider the sample of 28 spiral galaxies340

from Paper I and fit σ0 as a function of M•, and then341

invert the relation.342

S0 = (2.12± 0.08) + (0.12± 0.01)(M• − 7.07)343

ϵ = 0.08± 0.02344

M• = 7.07 +
S0 − (2.12± 0.08)

0.12± 0.01
(3)345
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Figure 4. Time evolution of the causal M•–σ0 relation. Here, we reduce the full 5 × 5 edge marginal matrices to only the
2 × 2 matrices concerning SMBH mass and central stellar velocity dispersion for our simulated galaxies, with 27 galaxies in
our sample completing their evolution from star-forming to quenched by z = 0. These marginal matrices are listed across the
top of the plot, with x-axes depicting causal children and the y-axes depicting causal parents. We select eleven matrices from
successive snapshots, centered at the peak of star formation at Tpeak (the vertical ). The plot below the matrices connects
the snapshot times of the matrices via the vertical . For each snapshot, we illustrate the probabilities of the P (M• → σ0)
causal direction (• connected by ), its opposing P (M• ← σ0) represented by ■ connected by , and the probability,
P (M• ⊥⊥ σ0), that M• and σ0 are independent (▲ connected by ); P (M• → σ0) + P (M• ← σ0) + P (M• ⊥⊥ σ0) = 1.
The horizontal lines at P = 0.4 ( ) and P = 0.3 ( ) represent the null probabilities for the independency case and
causal directional cases, respectively. Thus, significance occurs when the plotted solid lines are further away from the solid
horizontal line and the plotted dotted line is significantly different from the horizontal dotted line. For example, the snapshot
at Tpeak− 216Myr demonstrates a period of transition that lacks any meaningful causal information because all values are near
their null values.

A similar fit and subsequent inversion is performed for346

stellar mass.347

M∗ = (10.53± 0.19) + (0.31± 0.01)(M• − 7.07)348

ϵ = 0.19± 0.03349

M• = 7.07 +
M∗ − (10.53± 0.19)

0.31± 0.01
(4)350

4.3. Elliptical (i.e., Quenched) Galaxies351

For quenched galaxies with the correct causal direc-352

tion from σ0 → M•, we directly fit a relation for the353

M•–σ0 relation from the 35 elliptical galaxies in Paper I.354

M• = (9.17± 0.39) + (5.13± 0.01)(S0 − 2.44) (5)355

ϵ = 0.38± 0.05356

Similarly, we can directly fit M• as a function of M∗.357

M• = (9.17± 0.38) + (1.37± 0.00)(M∗ − 11.22) (6)358

ϵ = 0.38± 0.06359

4.4. A Correction for Spiral/Star-forming Galaxies360

If a black hole mass were improperly fit based on361

Equation 1, we can combine it with Equation 3 to create362

the following equation to causally correct the black hole363

mass.364

S0 = A+B(M• − 7.07)365

M′
• = α+ β(S0 − 2.28)366

M• = 7.07 +
M′

• − α− β(A− 2.28)

βB
367

= 7.07 +
M′

• − (7.46± 0.61)

0.59± 0.04
(7)368

Here, there is a unique value where M′
• = M• at369

≈8.02, below which black hole masses are over-predicted370

and above which black hole masses are under-predicted.371

Likewise, we can do the same for incorrect masses from372

Equation 2 by combining with Equation 4 to create the373

following correcting formula for black hole masses de-374
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rived from stellar masses.375

M∗ = A+B(M• − 7.07)376

M′
• = α+ β(M∗ − 10.63)377

M• = 7.07 +
M′

• − α− β(A− 10.63)

βB
378

= 7.07 +
M′

• − (7.86± 0.72)

0.47± 0.01
(8)379

Here, there is a unique value whereM′
• =M• at ≈8.56,380

below which black hole masses are over-predicted and381

above which black hole masses are under-predicted.382

5. DISCUSSION383

5.1. Predicting SMBH Masses384

A causation always implies a correlation9, but a cor-385

relation does not always imply a causation. For the386

M•–σ0 relation, the results of Paper I and this study387

indicate that M• is always correlated with σ0, but only388

in the case of quenched galaxies (i.e., elliptical galaxies)389

is σ0 predominantly a cause of M•. This result is also390

suggested from the pure study of correlations via linear391

regressions. N. Sahu et al. (2019b) found that the in-392

trinsic scatter (ϵ) of the M•–σ0 relation is significantly393

higher for spiral galaxies (ϵ = 0.67 dex) than for ellipti-394

cal galaxies (ϵ = 0.31 dex). Furthermore, the existence395

of morphologically-aware black hole mass scaling rela-396

tions also supports the existence of distinct evolutionary397

pathways for late- vs. early-type galaxies (A. W. Gra-398

ham & N. Scott 2013; N. Scott et al. 2013; G. Savorgnan399

et al. 2013; G. A. D. Savorgnan et al. 2016; B. L. Davis400

et al. 2018, 2019; N. Sahu et al. 2019a,b, 2020, 2022a,b;401

A. W. Graham & N. Sahu 2023). In a more absolute402

scenario, C.-H. Chen et al. (2025) present evidence for403

naked “little red dots” (LRDs) with essentially no de-404

tectable host galaxy (cf. Y. Zhang et al. 2025). Thus,405

black holes would be the answer to the chicken-or-the-406

egg dilemma of which came first, making black holes the407

default cause of their subsequent host galaxies (in young408

star-forming galaxies).409

G. S. Novak et al. (2006) explored several black hole410

mass scaling relations (including the M•–σ0 relation) in411

search of the “true” (i.e., causal) correlations of SMBHs.412

They emphasized that in order to arrive at the cor-413

rect theory governing black hole mass scaling relations,414

it is essential to determine the correlation with the415

9 In principle, causation implies a correlation, however, the cor-
relation may not always be detectable. Non-linear relations,
countervailing causes, and dichotomous or manipulated sam-
ples may make it difficult to determine a significant correlation
(specifically, linear correlation).

smallest intrinsic residual variance, which will have the416

best chance of being causally related to SMBH mass.417

Furthermore, G. S. Novak et al. (2006) discussed that418

knowledge of the direction of the causal link between419

SMBH mass and galactic properties is required to cor-420

rectly sort variables into their roles as “dependent” or421

“independent.” In the absence of such knowledge, it is422

necessary to always treat variables x and y symmetri-423

cally in linear regressions. Lastly, G. S. Novak et al.424

(2006) describe the different goals of a theorist vs. an425

observer; a theorist is always concerned with obtaining426

the causally-motivated relation (i.e., the lowest intrinsic427

scatter), while the observer is only interested in predict-428

ing black hole masses (i.e., M• is always the dependent429

variable).430

From our results, we find that the “theorist” and the431

“observer” will only agree on applying the M•–σ0 re-432

lation to elliptical galaxies. For elliptical galaxies, the433

intrinsic scatter will be minimized and both the theorist434

and the observer will use σ0 to predict M•. For spiral435

galaxies, the theorist will prefer to use σ0 as the depen-436

dent variable with M• as the independent variable, and437

the observer will probably find some other relation that438

minimizes the predicted error on M•. For the observer,439

obtaining more accurateM• estimates can be more read-440

ily obtained by switching or adding more variables (Z.441

Jin & B. L. Davis 2023; B. L. Davis & Z. Jin 2023; B.442

Davis & Z. Jin 2024). Overall, our method of apply-443

ing causal discovery provides a more definitive method444

of determining causal correlations beyond simply per-445

forming linear regressions and searching for the lowest446

intrinsic scatter.447

5.2. Implications for High-z Galaxies448

Our results concerning the causal directions in the449

M•–σ0 relation portend the need for careful consider-450

ation when predicting black hole masses at high red-451

shifts. The peak of star formation (also known as “cos-452

mic noon”) occurred at z ∼ 2 (P. Madau &M. Dickinson453

2014). With the James Webb Space Telescope (JWST)454

now regularly measuring the mass of SMBHs at redshifts455

of at least z ≈ 7 (e.g., H. Übler et al. 2023; M. A. Stone456

et al. 2024; K. Inayoshi & R. Maiolino 2025), it is crucial457

that the methods used to measure these SMBH masses458

are correctly applied. Because these JWST -discovered459

SMBHs all existed well before cosmic noon (more like460

cosmic morning), they come from an era of the Universe461

that was predominantly star-forming.462

This star-forming dependence implies that näıvely ap-463

plying the M•–σ0 relation, and indirect methods that464

are calibrated to the M•–σ0 relation like single-epoch465

spectra or reverberation mapping, to all galaxies is not466
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causally motivated. Based on our causal analysis shown467

in Fig. 4 and described in §3.3, we find the causal rever-468

sal of the M•–σ0 relation occurs around the peak of star469

formation, with transitions beginning 432Myr before470

Tpeak and ending 647Myr before Tz=0. Adapting this471

trend to the general population of galaxies, we estimate472

that this translates to M• → σ0 at z ≳ 2.1 (≲3.1Gyr af-473

ter the Big Bang) andM• ← σ0 at z ≲ 0.047 (≲0.65Gyr474

before Tz=0).
10 Thus, we find that use of the unmodified475

M•–σ0 relation (and its derivatives) to predict black hole476

masses is causally-justified broadly at z ≲ 0.047 (lumi-477

nosity distances closer than ≈210Myr). The intermedi-478

ate period at 0.047 ≲ z ≲ 2.1 may allow for partial justi-479

fication of causally-basedM• prediction, whereas epochs480

at z ≳ 2.1 are likely not causally-supported. Nonethe-481

less, elliptical galaxies (or any types of quenched galax-482

ies) at any redshift remain causally-motivated targets483

for black hole mass estimation. This long transitionary484

period (0.047 ≲ z ≲ 2.1) lasts ≈10Gyr, which is consis-485

tent with the duration of galaxies in the slow-quenching486

tail (i.e., taking longer than 1Gyr to quench) that oc-487

cupy a dominant fraction of the distribution (D. Walters488

et al. 2022).489

We have demonstrated from our simulations that star-490

forming galaxies at high redshifts host SMBHs that491

are not causally beholden to stellar velocity dispersion.492

Therefore, we expect that there will be increased uncer-493

tainty in any SMBH mass derived from an uncorrected494

M•–σ0 relation at high redshifts. This increased un-495

certainty is due to incorrectly assuming that σ0 causes496

M• in star-forming galaxies. We expect that this excess497

uncertainty may be contributing to the frequent iden-498

tification of so-called “overmassive” black holes at high499

redshifts. Notably, S. E. I. Bosman et al. (2025) show500

that there does not appear to be any intrinsic differences501

between low-z (z < 3) and high-z (z > 7) quasars, sug-502

gesting that the inferred black hole masses are possibly503

incorrect at both epochs.504

The existence of overmassive black holes at such early505

epochs of the Universe has sparked intense debates con-506

cerning early black hole seeding mechanisms (M. Volon-507

teri et al. 2023), LRDs (T. T. Ananna et al. 2024; F. M.508

Khan et al. 2025), obscuring interstellar media (R. Gilli509

et al. 2022), and super-Eddington accretion (J. Jeon510

et al. 2023; A. Trinca et al. 2024; H. Suh et al. 2025).511

Instead, we offer the simple explanation that perhaps512

these claims of overmassive black holes should be taken513

10 Here, we specifically adopt the Planck Collaboration et al.
(2020) cosmological parameters and specify cosmic noon at
z ≈ 1.9 or ≈3.5Gyr after the Big Bang (P. Madau & M. Dick-
inson 2014).

with a grain of salt due to M• being causally antecedent514

to σ0, not a consequence of it in star-forming galaxies.515

Moreover, there are other reasons to question super-516

Eddington accretion and the existence of overmassive517

black holes in LRDs at high-z, e.g., their X-ray weakness518

(A. Sacchi & Á. Bogdán 2025). However, GRAVITY+519

Collaboration et al. (2025) directly measured the broad-520

line region (BLR) dynamics of a quasar at z = 4; they521

found its derived mass “is an order of magnitude lower522

than that inferred from various single epoch scaling rela-523

tions, and implies that that the accretion is highly super-524

Eddington.” Additionally, H. Übler et al. (2025, §4.1,525

and references therein) provide numerous explanations526

for why the masses of high-z are likely overestimated.527

Increasing doubt about the provenance of SMBHs in the528

early Universe will relieve the tension and need for exotic529

theories to explain their seemingly premature origins.530

5.3. Redetermining the Masses of High-z Black Holes531

For a demonstration of our causal correction to high-z532

black hole masses, we apply our results to the sample of533

13 black holes at 4.1 < z < 10.6 from R. Maiolino et al.534

(2024). R. Maiolino et al. (2024) presents a collection of535

star-forming, late-type systems11 with black holes that536

are overmassive with respect to local black hole to galaxy537

stellar mass ratios. Their black hole masses are esti-538

mated via local single-epoch virial black hole mass re-539

lations (A. E. Reines et al. 2013; A. E. Reines & M.540

Volonteri 2015). However, these estimates are not di-541

rectly derived from dynamical black hole masses. In-542

stead, reverberation-mapped black hole masses are cal-543

ibrated to the local M•–σ0 relation, then single-epoch544

spectroscopic black masses are correlated with reverber-545

ation mapping via the BLR radius–luminosity relation.546

Therefore, single-epoch spectroscopic black hole masses547

are indirectly calibrated to the local M•–σ0 relation.12548

Furthermore, since the local M•–σ0 relation is almost549

exclusively fit to a sample of star-forming plus quenched550

galaxies, this implies that our causal correction formal-551

ism can be used to correct for the magnitude of offset in552

the predicted black hole masses.553

Although R. Maiolino et al. (2024) do not have direct554

measurements of the central stellar velocity dispersions555

11 Additionally, Y. Ono et al. (2025) find that the morphological
properties of high-z galaxies are statistically similar to local
spiral galaxies.

12 In this way, it is perhaps helpful to think about the con-
nection between 1.) dynamical black hole measurements, 2.)
reverberation-mapped black hole masses, and 3.) single-epoch
spectroscopic black hole masses as being analogous to succes-
sive rungs on the cosmic distance ladder. If there are inaccura-
cies in the lowest rung of the ladder, these errors will propagate
to the higher rungs of the ladder.
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for their galaxies, they are able to accurately measure556

the velocity dispersion of gas from their high-resolution557

spectra. From there, they are able to make small correc-558

tions (R. Bezanson et al. 2018) to closely approximate559

the stellar velocity dispersion. The result is an effective560

central stellar velocity dispersion that can be used as a561

good proxy for the type of σ0 that is used in local scaling562

relations. We use these values with our causal M•–σ0563

relations to estimate revised black hole masses.564

In Table 2, we present the published black hole masses565

(M′
•) of R. Maiolino et al. (2024) and their black hole566

to galaxy stellar mass ratios (M′
•/M∗), then we present567

our revised causally correct black hole mass estimates568

(M•) and similarly revised black hole to galaxy stellar569

mass ratios (M•/M∗). Figure 5 illustrates the revised570

black hole masses on the M•–σ0 diagram. The figure571

further shows the graphical representation of our linear572

regressions for the fit to all galaxy types (Equation 1),573

elliptical (quenched) galaxies (Equation 5), and spiral574

(star-forming) galaxies (Equation 3). This comparison575

shows a clear difference between the fits to star-forming576

versus quenched galaxies. Moreover, this shows that a577

näıve fit to all galaxies is similar to the fit for quenched578

galaxies, and produces overmassive black holes when ap-579

plied to star-forming galaxies.580

Our results show a clear decrease in the estimated581

black hole masses (and black hole to galaxy stellar mass582

ratios) for these high-redshift objects, with a median583

reduction of 1.93 ± 0.51 dex. This reduction effectively584

erases the appearance of being overmassive with high585

black hole to galaxy stellar mass ratios that resem-586

ble highly-evolved galaxies. For instance, the median587

M•/M∗ ratios from Paper I are −2.05 ± 0.29 dex and588

−3.42± 0.44 dex for ellipticals and spirals, respectively.589

For comparison, the median M′
•/M∗ ratio from R.590

Maiolino et al. (2024) is −1.56±0.74 dex versus the me-591

dianM•/M∗ ratio of −3.22± 0.63 dex after our reduc-592

tion from causal correction (see Figure 6 for the distri-593

bution of ratios). Therefore, the ratios were previously594

consistent with those of highly-evolved elliptical galax-595

ies, whereas after our causal rectification the ratios now596

closely match the ratios of young star-forming galaxies,597

which should be the case for galaxies at 4.1 < z < 10.6598

without much cosmic time to evolve. Indeed, this range599

of redshifts implies an age of the Universe at only 0.44–600

1.5Gyr after the Big Bang (Planck Collaboration et al.601

2020), leaving very little time for evolution.602

5.4. Conclusions603

Drawing together the threads of this investigation,604

we have successfully leveraged the burgeoning field of605

causal discovery, applied to cosmological hydrodynam-606

Figure 5. Linear regressions to the z = 0 observational
data from Paper I, along with the published and revised
high-z black hole masses in 13 star-forming, late-type sys-
tems from R. Maiolino et al. (2024). The 101 galaxies are
divided into 38 lenticular/S0 (•), 35 elliptical/E (•), and 28
spiral/S (•) galaxies. The line is the “wrong” fit to
all 101 galaxies defined by Equation 1. The line is
the fit to the 35 elliptical (quenched) galaxies, according to
the M• → σ0 causal direction, defined by Equation 5. The

line is the fit to the 28 spiral (star-forming) galaxies,
according to the σ0 →M• causal direction, defined by Equa-
tion 3. Each line is surrounded by its color’s shaded region,
depicting the intrinsic scatter bounds. The larger assorted
color • points represent the published black hole masses from
R. Maiolino et al. (2024) with down arrows pointing to simi-
lar-colored ⋆ stars, depicting our revised black hole masses.
NB: three of the galaxies from R. Maiolino et al. (2024) have
dual BLR AGNs and are depicted here with two different •
points each.

ical simulations from the NIHAO suite, to temporally607

resolve the causal relationship between SMBHs and608

their host galaxies. Our simulations not only repro-609

duce the observed causal dichotomy between spiral and610

elliptical galaxies—where SMBHs appear to drive evo-611

lution in star-forming spirals but are passive partici-612

pants in ellipticals—but critically, they provide robust613

insight into its origin. The key finding reveals a dis-614

tinct causal reversal coincident with the epoch of peak615

star-formation, transitioning from SMBH-driven influ-616

ence during active star-formation phases to a more pas-617

sively correlated growth governed by hierarchical assem-618

bly in quenched systems. These results offer compelling619

support for theoretical models positing that AGNs feed-620

back plays a crucial role in shaping star-forming galax-621

ies, while subsequent growth is primarily dictated by622

the host galaxy’s merger and accretion history. This623

study underscores the immense potential of causal dis-624

covery techniques in unraveling the complex interplay625

governing not only SMBH and their host galaxies, but626

in any set of intertwined properties in other fields of as-627
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Table 2. 13 Revised High-z Black Hole Masses from R. Maiolino et al. (2024)

ID Comp. z M∗ S0 M′
• M′

•/M∗ M• M•/M∗

[logM⊙] [log km/s] [logM⊙] [dex] [logM⊙] [dex]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

10013704
BLR1

5.9 8.88± 0.66 1.93+0.05
−0.06

5.65± 0.31 −3.23± 0.73
5.47± 0.83 −3.41± 1.06

BLR2 7.50± 0.31 −1.38± 0.73

8083 4.6 8.45± 0.03 1.90+0.06
−0.07 7.25± 0.31 −1.20± 0.31 5.23± 0.88 −3.22± 0.88

1093 5.6 8.34± 0.20 1.95+0.05
−0.06 7.36+0.32

−0.31 −0.98± 0.37 5.64± 0.83 −2.70± 0.85

3608 5.3 8.38+0.11
−0.15 1.92+0.06

−0.07 6.82+0.38
−0.33 −1.56± 0.38 5.39± 0.88 −2.99± 0.89

11836 4.4 7.79± 0.30 1.96+0.05
−0.06 7.13± 0.31 −0.66± 0.43 5.72± 0.83 −2.07± 0.88

20621 4.7 8.06± 0.70 1.93+0.06
−0.07 7.30± 0.31 −0.76± 0.77 5.47± 0.88 −2.59± 1.12

73488
BLR1

4.1 9.78± 0.20 1.64+0.11
−0.15

6.18± 0.30 −3.60± 0.36
3.08± 1.30 −6.70± 1.32

BLR2 7.71± 0.30 −2.07± 0.36

77652 5.2 7.87+0.16
−0.28 1.95+0.06

−0.07 6.86+0.35
−0.34 −1.01± 0.41 5.64± 0.88 −2.23± 0.91

61888 5.9 8.11± 0.92 1.85+0.07
−0.09 7.22± 0.31 −0.89± 0.97 4.81± 0.97 −3.30± 1.33

62309 5.2 8.12+0.12
−0.13 1.87+0.07

−0.08 6.56+0.32
−0.31 −1.56± 0.34 4.98± 0.94 −3.14± 0.94

53757
BLR1

4.4 10.18+0.13
−0.12 1.77+0.09

−0.11

6.29+0.33
−0.32 −3.89± 0.35

4.15± 1.09 −6.03± 1.10
BLR2 7.69+0.32

−0.31 −2.49± 0.34

954 6.8 10.66+0.09
−0.10 1.91± 0.06 7.90± 0.30 −2.76± 0.31 5.31± 0.86 −5.35± 0.86

GN-z11 10.6 8.90+0.20
−0.30 · · · 6.20± 0.30 −2.70± 0.39 4.95± 1.16∗ −3.95± 1.18

Note— Column (1): Galaxy identification number. Column (2): Different components for galaxies with dual
BLR AGNs. Column (3): Redshift. Column (4): Galaxy stellar mass (logarithmic solar masses). Column (5):
Central stellar velocity dispersion (logarithmic km/s) approximated from the gaseous stellar velocity dispersion
via corrections from R. Bezanson et al. (2018). Column (6): Black hole mass (logarithmic solar masses) estimated
from local virial relations (A. E. Reines et al. 2013; A. E. Reines & M. Volonteri 2015). Column (7): Black hole to
galaxy stellar mass ratio (dex) according to R. Maiolino et al. (2024). Column (8): Black hole mass (logarithmic
solar masses) estimated from Equation 3. Column (9): Black hole mass to galaxy stellar mass ratio (dex)
according to this work.

∗
Derived from Equation 7.

trophysics (e.g., Z. Jin et al. 2025a; B. L. Davis et al.628

2025a,b; W. Zhang et al. 2025; H. Desmond & J. Ram-629

sey 2025). Finally, a causally-reversed M•–σ0 relation630

casts considerable doubt on the validity of SMBH mass631

estimates for distant galaxies and challenges the pre-632

vailing view of overmassive black holes existing in the633

early Universe. Toward that problem, we offer a set of634

causally-informed relations to produce black hole mass635

estimates with improved fidelity that are consistent with636

z = 0 SMBH–galaxy stellar mass ratios.637
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Figure 6. Violins plots showing the distribution of black
hole to galaxy stellar mass ratios with indicators for their me-
dians and the interquartile ranges. Moving from left to right:
we show the sample of spiral galaxies from Paper I with a
median of −3.42 ± 0.44 dex, the elliptical galaxies from Pa-
per I with a median of −2.05±0.29 dex, the high-z late-type
galaxies with black hole masses estimated by R. Maiolino
et al. (2024) with a median of −1.56 ± 0.74 dex, and the
same high-z late-type galaxies with black hole masses rede-
termined via our causally-informed correction (Equation 3)
with a median of −3.22± 0.63 dex.
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