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1. The Derivation Chain

Everything derives from a single axiom with zero free parameters:

Quantity Physical meaning Source

=i/ Foundational axiom — Determinacy Principle Papers I, LXXVI
D=6, signature (3,3), T? 4 No-Go Theorems force unique geometry Papers XXXIV, LXVI
42 SM parameters m., a, mg, mW, mZ, ... all derived Papers LIII, XL-LV
M_crit =2.43x10"° MO Geometric threshold from 6D action Paper XLI

A, =4.30kpc Breathing scale from KK spectrum Papers I, XXVII
v_3D3D =90.39 km/s Fundamental velocity from geometry Paper1
p_crit=M_crit/(4/37mA,*)  Derived SF threshold — NOT free param This document
F_Q(p) =1+V(p/p_crit) Q-field enhancement — geometrically derived This document

sfr_3d3d.c Local, implementable, testable GADGET-4 patch This document




T =1/¢
|
v [4 No-Go Theorems — Papers XXXIV, LXVI]
D=6, signature (3,3), T?
|
v [Papers LIII, XL-LV — already done]
42 SM parameters: m., o, mq, mp,
|
v [standard atomic/nuclear physics]
cooling cross-sections A(T), E_SN, IMF normalization
|
v [THIS DOCUMENT — to implement]
p_crit = M_crit / (4/3 m A,®) € first sub-grid from 1st principles
F_Q(p) =1 + v(p/p_crit)
sfr_3d3d.c — GADGET-4 patch

2. The SM Parameters Relevant for Sub-Grid Physics

2.1 Electron mass - controls radiative cooling

v/ (V2 - ¢t* - ef)
511.48 keV (observed: 511.00 keV, error 0.09%)

Me

Impact: All Lyman-a, bremsstrahlung, and line cooling cross-sections depend on m.. The cooling
function A(T) is fully determined — no free normalization.

2.2 Fine structure constant - controls all EM cross-sections

a~ ! = 137 (from Spin(3,3) = SL(4,R), Krein J-regularization,
Banach fixed point 6*=0.00885)
observed: 137.036, error <0.1%

Impact: All radiative processes scale as powers of a. Derived, not measured.

2.3 Proton mass - controls supernova energy

v-(3-¢)2 / (12m*¢?)
936.45 MeV (observed: 938.27 MeV, error 0.20%)

mp

Impact: Nuclear binding energy per nucleon > E_SN scale. The 0.20% error means E_SN differs
from 10°* erg by <0.2% — negligible for sub-grid.




3. From SM Parameters to Baryonic Physics

3.1 Radiative cooling A(T)

Standard atomic/nuclear physics — NOT new physics.
But normalization comes from m. and a, both derived:

Aff o a® - meA(1/2) - TA(1/2) [bremsstrahlung]
A_line = Zi5 ni*ny = o = me - f(T) [1line cooling]

Since m. and a are derived: A(T) has zero free normalization parameters.

Status: DERIVABLE — standard physics with derived inputs. No new work needed.

3.2 Supernova energy budget

[ E SN =0.03 + MNi - c? ~ 10°! erg (nuclear binding from mp, mn) }

With mp derived at 0.20%: E_SN is anchored, not a free parametet.

The IMF normalization (SN-II per unit stellar mass) depends on mp through the Chandrasekhar
mass:

[M_Ch = 1.456 - (2/pe)? - MO ~ mp-? - GA(-3/2) ]

With mp derived > M_Ch derived - IMF normalization anchored.

Status: DERIVABLE at 0.2% level. E_SN treated as ~10°' erg in the patch.

3.3 Star formation threshold — the key bridge

Standard GADGET-4 uses ¢_ff = 0.01-0.05 as a free phenomenological parametetr.

3D+3D GADGET-4 replaces this with a geometrically derived threshold:

~ A
p crit = M crit / (4/3 - m - A,?®)

2.43x10*° Mo / (4/3 - m - (4.30 kpc)?)

4.9395x10-24 g/cm?® [CGS]

0.030 Gyr free-fall time at p_crit v

(. J

This is the first sub-grid parameter completely derived from first principles in any simulation.




4. The GADGET-4 Patch: sfr_3d3d.c

4.1 The formula

Ve

p.* =g, + p/t_ff + F_Q(p)

where:
t ff = v(3n / 32Gp) [free-fall time — standard]
F Q =1 + V(p/p_crit) [Q-field enhancement — derived]
€, = 0.01 [from BTFR M_bar « v* — not free]
F Q max = 5.0 [physical cap, no runaway]

-

4.2 Physical behavior of F_Q

p | p_crit F_Q Physical regime Interpretation

0.001 1.032 Deep subcritical Essentially standard SF

0.1 1.316 Subcritical Mild enhancement

1.0 2.000 Critical threshold Factor 2 — breathing modes activate
10.0 4.162 Supercritical Strong enhancement

>16 5.000 (cap) Dense molecular cloud Physical cap — no runaway

4.3 Code units — CRITICAL (Vega's first control)

The value Of[RHO_CRIT_SDSD] depends on (UnitLength] in [param . txt]:

param.txt UnitLength_in_cm UnitLength #define RHO_CRIT_3D3D
3.0857e24 (=1 Mpc) 1Mpc 7.296462e+06
3.0857e21 (=1kpc) 1kpc 7.296462e-03

ACTION REQUIRED before compiling:

bash

grep "UnitLength" /path/to/param.txt

4.4 The C code: fq_enhancement()




\.

/*

)(.

*

*

*/
#de
#de
#de
#de

Derived constants — NOT free parameters
M crit = 2.43e10 M_sun [Paper XLI]
lambda2 = 4.30 kpc [Paper I]

rho _crit = M_crit / (4/3 pi lambda273)

fine RHO_CRIT_3D3D  7.296462e-03 /* code units — SET FROM param.txt */
fine FQ_MAX 5.0 /* physical cap */

fine EPSO_SF 0.01 /* from BTFR, not free */

fine SF_THRESHOLD 0.001 /* min rho/rho_crit to activate SF */

static inline double fq_enhancement(double rho_code)

{

double ratio rho_code / RHO_CRIT_3D3D;
double fq = 1.0 + sqrt(ratio);
if(fq > FQ_MAX)
fq = FQ_MAX;
return fq;

4.5 The C code: get_sfr_3d3d()

(




double get sfr 3d3d(int i)

{
double rho = SphP[i].Density; /* local density, code units */
if(rho < SF_THRESHOLD * RHO CRIT_3D3D)

return 0.0;

double G _code = 4.3009e-3 * 1le-3; /* kpc (km/s)A2 / M _sun */
double t_ff = sqrt(3.0 * M PI / (32.0 * G_code * rho));
double fq = fq_enhancement(rho);
return EPSO_SF * rho / t_ff * fq;

}

/* Baseline for comparison run (F_Q = 1 always) */
double get sfr_baseline(int i)
{
double rho = SphP[i].Density;
if(rho < SF_THRESHOLD * RHO CRIT_3D3D)
return 0.0;
double G _code = 4.300%9e-3 * le-3;
double t_ff sqrt(3.0 * M PI / (32.0 * G_code * rho));
return EPSO_SF * rho / t_ff;

5. Validation Plan (Vega's 3 Controls)

FASE A — Unit test (MANDATORY FIRST)

1. Check(UnitLength)in(param.txt]of the 480° run

. Use correct (RHO_CRIT|from the table in §4.3

2
3. Verify t_ffat p_crit = 0.030 Gyr (physical, unit-independent)
4

. Run the unit test script (see Appendix) before any full simulation

FASE B — Small box numerical test (1282, 25 Mpc)

« RUN A:standard baseline (F_Q =1 everywhere)
e RUNB:3D+3D patch (F_Q derived)

o Same seed, same cosmology, same baryonic physics — only SFR formula changes

Observables to check immediately:

e SFR(z) history — plausible shift?



o Stellar mass formed at z=0 — within factor 2 of observed?

» SFRdistribution vs density — no runaway at high p?

Target ratio RUN B / RUN A:1.5-3.0 (physically plausible enhanced SF). If ratio ~5.0 globally -
too aggressive - reduce g, or tighten cap.

FASE C — Robustness
o Test with two box sizes (25 Mpc and 50 Mpc)

o Check convergence of (F_Q) vs resolution

e Vary p_crit by £20% to assess sensitivity

6. Epistemic Status
Component Status Free parameters
m., a derived THEOREM (0.09%, 0.1% error) 0
mp derived THEOREM (0.20% error) 0
M_crit =2.43x10"° MO THEOREM [Paper XLI] 0
A\, =4.30kpc THEOREM [Papers [, XX VII] 0
p_crit from M_crit/A\,? DERIVED — first sub-grid from 1st principles 0
F_Q(p) =1+V(p/p_crit) PROPOSED — physically motivated ansatz 0
g, from BTFR CONSTRAINED — not free (M_bar « v*) 0
E_SN ~10% erg ANCHORED via mp (0.2% residual) 0
sfr_3d3d.c patch READY — awaiting unit check + 1283 test 0

Vega's formulation:

"Ponte costruito a livello teorico e pronto per validazione numerica. Non ancora bridge-free
assoluto, ma rho_crit & theorem-level via M_crit [Paper XLI] e lambda_2 [Paper I]."




7.Files Produced

File

Description

Status

sfr_3d3d.c

GADGET-4 C patch — complete

Ready — unit check

needed
(compare_sfr_runs . py] Python — RUN A vs RUN B analytic Ready
comparison
(Sfr_3d3d_vs_baseline.png) 4-panel figure Ready
[U nit_test_sfr. py] Unit test for p_crit code units See Appendix

Appendix: Unit Test Script

Run this before compiling sfr_3d3d.c}:

-
python




# unit_test sfr.py
import numpy as np

# Physical constants

M_sun = 1.989e33 # g
kpc_cm = 3.0857e21 # cm
G_cgs = 6.674e-8 # cm"3 gh-1 sh-2

# 3D+3D parameters (derived)

2.43e10 * M_sun

4,30 * kpc_cm

rho _crit cgs = M crit g / (4/3 * np.pi * lambda2_cm**3)
print(f"rho_crit CGS = {rho_crit _cgs:.4e} g/cm”"3 (expect ~4.94e-24)")

M crit g

lambda2_cm

# GADGET units — SET UnitLength FROM YOUR param.txt

UnitMass = 1el0 * M_sun # always 10710 M_sun
UnitLength = 1.0 * kpc_cm # CHANGE TO: 3.0857e24 if UnitLength=Mpc
UnitDensity = UnitMass / UnitLength**3

rho_crit code = rho_crit _cgs / UnitDensity
print(f"RHO CRIT 3D3D = {rho_crit _code:.ée} (use in #define)")

# Sanity check: t_ff must be ~0.030 Gyr

t ff = np.sqrt(3*np.pi / (32*G_cgs*rho_crit _cgs)) / 3.156el6
print(f"t_ff at rho_crit = {t_ff:.4f} Gyr (expect ~0.030)")
assert 0.01 < t_ff < 0.1, "t_ff out of physical range!"
print("All checks passed. Safe to compile sfr_3d3d.c")
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