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スクリプト一覧と実行順序

# ファイル名 目的 行数

#1 little_things_fetch.py LITTLE THINGS (Oh+2015)
データ取得。VizieRから回転曲線データ取得、26銀河のG*

170

#2 little_things_step2.py LT 22銀河のg_c測定とalpha=0.5検定。回転曲線全体からg_cをフィットし3仮説を検定 650

#3 hunter2012_fetch.py Hunter+2012 V-band R_d取得。h_R差し替えでalpha検定再実行、バンド差評価 598

#4 band_correction.py SPARC-LT重複24銀河によるV-band/3.6umバンド補正。補正係数0.5-4.0の感度テス
ト

645

#5 joint_analysis.py SPARC 160 + LT 18の合同alpha検定(N=178)。ジャックナイフでLT銀河の影響力評価 718

#6 cl1_center_v2.py cl1中心最適化v2。ビンごとchi^2(gamma_x)+gamma_t>0制約。|gamma_x|=0.0 612

#7 cluster_stack.py 38候補のSDSS DR9分光照合+スタック弱レンズ。NFW/MOND/膜モデル比較 834

#8 cluster_stack_v2.py Sigma_crit正規化版スタック。物理単位DeltaSigma+NFWミスセンタリング+MOND
Abel

776

#9 cluster_stack_v2b.py 内側カット(R>0.5Mpc)で公平比較。R_min感度テストでdAIC安定性確認 571

#10 manga_verification.py MaNGA DynPop (Zhu+2023) 10,296銀河のalpha検定。sigma_e/V_maxか 754

#11 manga_v2.py MaNGA fast rotator (Lambda_Re>0.5) 限定。質量ビン別alpha安定性確認 632

#12 probes_verification.py PROBES (Stone+2021) 1,623銀河+代替5カタログ。SPARC重複除去後alpha検定 702

#13 probes_rc_fit.py PROBES回転曲線全体フィット（SPARCと同一手法）。V_bar必須、SPARC重複除去 637

#14 sofue2016_verify.py Sofue 2016/Persic+1995。VizieR/CDSリトライ付き取得。RCあれば全フィット、なけ 649

実行順序:

LITTLE THINGS: #1 -> #2 -> #3 -> #4 -> #5
|gamma_x| 再評価: #6（独立）
スタック弱レンズ: #7 -> HSC CAS(A1) -> #8 -> #9
MaNGA: #10 -> #11
PROBES: #12 -> #13（rotation_curves/ DL後）
Sofue: #14（独立）



#1. little_things_fetch.py

項目 内容

目的 LITTLE THINGS (Oh+2015) データ取得。VizieRから回転曲線データ取得、26銀河のG*Sigma_0と幾何平均予測値を計算

依存 requests,numpy

入力 （VizieRから自動取得）

出力 little_things_data/

実行 uv run --with requests,numpy python little_things_fetch.py

ソースコード（170行）
"""
LITTLE THINGS 独立検証 Step 1: データ取得・前処理
==================================================
Claude Code（ローカル）で実行:
  uv run --with requests --with pandas --with numpy python little_things_fetch.py

目的: SPARC以外のデータで幾何平均法則 g_c = etasqrt(a0·G·Sigma0) を検証
データ: Oh et al. 2015 (AJ, 149, 180) - LITTLE THINGS 26銀河の回転曲線
"""

import os
import requests
import json
from pathlib import Path

OUTDIR = Path("little_things_data")
OUTDIR.mkdir(exist_ok=True)

# =============================================================
# 1. Oh et al. 2015 Table 2 の物理量（手動転記・査読済み公開値）
#    出典: https://doi.org/10.1088/0004-6256/149/6/180
# =============================================================
# 列: name, distance[Mpc], M_B[mag], R_d[kpc](指数ディスクスケール長),
#      V_flat[km/s], inclination[deg], morphology
galaxies = [
    # name,       dist, M_B,   R_d,  V_flat, inc, morph
    ("CVnIdwA",   3.6, -12.4,  0.39,  15.0,  48, "Im"),
    ("DDO43",     7.8, -15.1,  1.31,  35.0,  41, "Im"),
    ("DDO46",     6.1, -14.7,  0.96,  30.0,  40, "Im"),
    ("DDO47",     5.2, -15.5,  1.89,  55.0,  38, "Im"),
    ("DDO50",     3.4, -16.6,  1.06,  38.0,  49, "Im"),
    ("DDO52",    10.3, -15.4,  1.67,  52.0,  44, "Im"),
    ("DDO53",     3.6, -13.8,  0.58,  20.0,  31, "Im"),
    ("DDO70",     1.3, -14.2,  0.53,  22.0,  50, "Im"),
    ("DDO87",     7.7, -15.1,  1.55,  42.0,  43, "Im"),
    ("DDO101",   6.4,  -15.0,  0.77,  35.0,  51, "Im"),
    ("DDO126",   4.9,  -14.9,  0.96,  35.0,  64, "Im"),
    ("DDO133",   3.5,  -14.8,  1.17,  35.0,  43, "Im"),
    ("DDO154",   3.7,  -14.2,  0.74,  47.0,  66, "Im"),
    ("DDO168",   4.3,  -15.7,  0.92,  53.0,  46, "Im"),
    ("DDO210",   0.9,  -10.9,  0.18,  10.0,  61, "Im"),
    ("DDO216",   1.1,  -13.7,  0.36,  15.0,  63, "dIrr"),
    ("F564-V3",  8.7,  -14.0,  1.22,  25.0,  56, "Im"),
    ("Haro29",   5.9,  -14.6,  0.47,  25.0,  60, "BCD"),
    ("Haro36",   9.3,  -16.0,  1.12,  45.0,  72, "Im"),
    ("IC1613",   0.7,  -15.3,  0.75,  23.0,  48, "IB"),
    ("LeoA",     0.8,  -12.1,  0.29,  12.0,  58, "IBm"),
    ("NGC1569",  3.4,  -18.2,  0.35,  50.0,  63, "IBm"),
    ("NGC2366",  3.4,  -16.8,  1.22,  50.0,  64, "IB"),
    ("NGC3738",  4.9,  -17.1,  0.40,  60.0,  16, "Im"),
    ("NGC4163",  3.0,  -14.4,  0.34,  20.0,  32, "Im"),
    ("WLM",      1.0,  -14.4,  0.69,  35.0,  74, "IB"),
]

print(f"LITTLE THINGS 銀河数: {len(galaxies)}")

# =============================================================
# 2. 回転曲線データの取得（VizieR経由）
# =============================================================
VIZIER_BASE = "https://vizier.cds.unistra.fr/viz-bin/votable"
# Oh et al. 2015 の回転曲線テーブル: J/AJ/149/180
CATALOG = "J/AJ/149/180"

def fetch_rotation_curves():
    """VizieRからOh+2015の回転曲線テーブルを取得"""
    # テーブル3: 回転曲線データ
    url = f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv?-source={CATALOG}/table3&amp;-out.max=10000"
    print(f"回転曲線データ取得中: {url}")
    try:
        r = requests.get(url, timeout=60)
        if r.status_code == 200:
            outpath = OUTDIR / "rotation_curves_raw.tsv"
            outpath.write_text(r.text)
            print(f"  保存: {outpath} ({len(r.text)} bytes)")
            return True
        else:
            print(f"  HTTP {r.status_code}")
            return False
    except Exception as e:
        print(f"  エラー: {e}")
        return False

# 代替: 直接ダウンロード（CDS）
def fetch_rotation_curves_cds():
    """CDSから直接取得（VizieRが失敗した場合）"""
    urls = [
        f"https://cdsarc.cds.unistra.fr/ftp/J/AJ/149/180/table3.dat",
        f"https://cdsarc.cds.unistra.fr/viz-bin/cat/J/AJ/149/180",



    ]
    for url in urls:
        print(f"CDS取得試行: {url}")
        try:
            r = requests.get(url, timeout=60)
            if r.status_code == 200 and len(r.text) &gt; 500:
                outpath = OUTDIR / "rotation_curves_cds.dat"
                outpath.write_text(r.text)
                print(f"  保存: {outpath} ({len(r.text)} bytes)")
                return True
        except Exception as e:
            print(f"  {e}")
    return False

# =============================================================
# 3. 幾何平均法則に必要な量を計算
# =============================================================
import numpy as np

a0 = 1.2e-10  # m/s^2, MOND加速度定数
G = 6.674e-11  # m^3 kg^-1 s^-2

results = []
for name, dist, M_B, R_d, V_flat, inc, morph in galaxies:
    # G*Sigma_0 ~= v_flat^2 / h_R のプロキシ
    v_flat_si = V_flat * 1e3  # km/s -&gt; m/s
    h_R_si = R_d * 3.086e19   # kpc -&gt; m
    
    G_Sigma0 = v_flat_si**2 / h_R_si  # [m/s^2]
    
    # 幾何平均予測: g_c_pred = sqrt(a0 * G_Sigma0)  (eta=1として)
    g_c_pred = np.sqrt(a0 * G_Sigma0)
    
    results.append({
        "name": name,
        "distance_Mpc": dist,
        "M_B": M_B,
        "R_d_kpc": R_d,
        "V_flat_km_s": V_flat,
        "inc_deg": inc,
        "morphology": morph,
        "G_Sigma0": G_Sigma0,
        "log_G_Sigma0": np.log10(G_Sigma0),
        "g_c_pred_eta1": g_c_pred,
        "log_g_c_pred": np.log10(g_c_pred),
    })

# =============================================================
# 4. 保存
# =============================================================
outpath = OUTDIR / "little_things_properties.json"
with open(outpath, "w") as f:
    json.dump(results, f, indent=2)
print(f"\n物性データ保存: {outpath}")

# サマリー表示
print("\n=== LITTLE THINGS サマリー ===")
print(f"{'銀河':&lt;12} {'V_flat':&gt;6} {'R_d':&gt;5} {'log(G·Sigma0)':&gt;10} {'log(gc_pred)':&gt;12}")
for r in results:
    print(f"{r['name']:&lt;12} {r['V_flat_km_s']:&gt;6.0f} {r['R_d_kpc']:&gt;5.2f} "
          f"{r['log_G_Sigma0']:&gt;10.3f} {r['log_g_c_pred']:&gt;12.3f}")

# G_Sigma0の統計
log_gs = [r["log_G_Sigma0"] for r in results]
print(f"\nlog(G·Sigma0) 範囲: [{min(log_gs):.2f}, {max(log_gs):.2f}]")
print(f"SPARC範囲との比較: SPARCは約[-11.5, -9.0]をカバー")

# =============================================================
# 5. 回転曲線取得を試行
# =============================================================
print("\n=== 回転曲線データ取得 ===")
ok = fetch_rotation_curves()
if not ok:
    ok = fetch_rotation_curves_cds()
if not ok:
    print("\n回転曲線の自動取得に失敗。手動ダウンロードが必要:")
    print("  https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/AJ/149/180")
    print("  Table 3 を TSV でダウンロードし little_things_data/ に配置")

print("\n=== Step 1 完了 ===")
print("次のステップ: 回転曲線フィット -&gt; g_c測定 -&gt; alpha検定")



#2. little_things_step2.py

項目 内容

目的 LT 22銀河のg_c測定とalpha=0.5検定。回転曲線全体からg_cをフィットし3仮説を検定

依存 scipy,matplotlib,numpy

入力 rotdmbar.dat

出力 step2_results.json

実行 uv run --with scipy,matplotlib,numpy python little_things_step2.py

ソースコード（650行）
"""
LITTLE THINGS 独立検証 Step 2: g_c測定 -&gt; alpha=0.5 検定
======================================================
Claude Code（ローカル）で実行:
  uv run --with scipy --with matplotlib --with numpy python little_things_step2.py

前提: little_things_data/ に rotdmbar.dat ファイルが配置済み
      （Oh et al. 2015 の回転曲線分解データ）

目的: SPARC外データで g_c = etasqrt(a0·G·Sigma0) の alpha=0.5 を独立検証
"""

import numpy as np
from scipy.optimize import minimize_scalar, curve_fit
from scipy.stats import spearmanr
from pathlib import Path
import json
import sys

# ============================================================
# 0. 設定
# ============================================================
DATADIR = Path("little_things_data")
OUTDIR = Path("little_things_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10  # m/s^2 MOND加速度定数

# rotdmbar.dat の想定フォーマット（Oh et al. 2015）
# 複数フォーマットに対応するため自動検出する
# 典型: Rad(kpc)  Vobs(km/s)  eVobs  Vgas  Vdisk  Vbar  ...

# ============================================================
# 1. rotdmbar.dat パーサー
# ============================================================
def parse_rotdmbar(filepath):
    """
    Oh et al. 2015 rotdmbar.dat を読み込む。
    戻り値: dict with keys r_kpc, v_obs, e_vobs, v_gas, v_disk, v_bar
    各銀河でカラム数が異なる場合があるため柔軟に処理。
    """
    lines = []
    with open(filepath, 'r') as f:
        for line in f:
            line = line.strip()
            if not line or line.startswith('#') or line.startswith('!'):
                continue
            # ヘッダ行をスキップ（数値でない行）
            parts = line.split()
            try:
                float(parts[0])
                lines.append([float(x) for x in parts])
            except ValueError:
                continue
    
    if not lines:
        return None
    
    data = np.array(lines)
    ncol = data.shape[1]
    
    result = {"raw": data, "ncol": ncol}
    
    # 最低限: col0=radius, col1=Vobs
    result["r_kpc"] = data[:, 0]
    result["v_obs"] = data[:, 1]
    
    if ncol &gt;= 3:
        result["e_vobs"] = data[:, 2]
    else:
        result["e_vobs"] = np.ones_like(result["v_obs"]) * 2.0  # デフォルト2 km/s
    
    # Vgas, Vdisk, Vbar の位置を推定
    # 典型パターン: r, Vobs, eVobs, Vgas, Vdisk, Vbar
    # または: r, Vobs, eVobs, Vgas, Vstar, Vbar (Vstar=Vdisk)
    if ncol &gt;= 6:
        result["v_gas"] = data[:, 3]
        result["v_disk"] = data[:, 4]
        result["v_bar"] = data[:, 5]
    elif ncol &gt;= 5:
        result["v_gas"] = data[:, 3]
        result["v_disk"] = data[:, 4]
        # v_bar を計算
        result["v_bar"] = np.sqrt(np.abs(data[:, 3])**2 + np.abs(data[:, 4])**2)
    elif ncol &gt;= 4:
        result["v_gas"] = data[:, 3]
        result["v_disk"] = np.zeros_like(data[:, 0])
        result["v_bar"] = np.abs(data[:, 3])



    return result

# ============================================================
# 2. g_N（バリオン加速度）の計算
# ============================================================
def compute_g_baryonic(r_kpc, v_bar_kms):
    """
    v_bar(r) から g_N = v_bar^2 / r を計算
    戻り値: g_N [m/s^2]
    """
    r_m = r_kpc * 3.086e19  # kpc -&gt; m
    v_m = v_bar_kms * 1e3    # km/s -&gt; m/s
    
    # r=0 を回避
    mask = r_m &gt; 0
    g_N = np.zeros_like(r_m)
    g_N[mask] = v_m[mask]**2 / r_m[mask]
    
    return g_N

# ============================================================
# 3. 膜モデルフィット（g_c と r_s の測定）
# ============================================================
def mond_simple(g_N, g_c):
    """一般化MOND補間: g_obs = (g_N + sqrt(g_N^2 + 4*g_c*g_N)) / 2"""
    return (g_N + np.sqrt(g_N**2 + 4 * g_c * g_N)) / 2

def fit_rotation_curve(r_kpc, v_obs, e_vobs, v_bar, v_flat_est=None):
    """
    膜モデル v_c^2 = v_bar^2 + v_flat^2 * T(r, r_s) でフィット。
    簡略版: g_obs = mond_simple(g_N, g_c) を使い、g_c を直接フィット。
    
    戻り値: dict(g_c, r_s, v_flat, chi2_dof, success)
    """
    r_m = r_kpc * 3.086e19
    v_obs_m = v_obs * 1e3
    e_v_m = np.maximum(e_vobs, 1.0) * 1e3  # 下限1 km/s（SPARCと同じ処理）
    v_bar_m = v_bar * 1e3
    g_N = np.zeros_like(r_m)
    mask = r_m &gt; 0
    g_N[mask] = v_bar_m[mask]**2 / r_m[mask]
    
    g_obs_data = np.zeros_like(r_m)
    g_obs_data[mask] = v_obs_m[mask]**2 / r_m[mask]
    
    # g_N &gt; 0 の点のみ使用
    valid = (g_N &gt; 0) &amp; (g_obs_data &gt; 0) &amp; mask
    if np.sum(valid) &lt; 3:
        return {"success": False, "reason": "valid points &lt; 3"}
    
    g_N_v = g_N[valid]
    g_obs_v = g_obs_data[valid]
    r_v = r_kpc[valid]
    e_g = 2 * v_obs_m[valid] * e_v_m[valid] / r_m[valid]  # 誤差伝播
    e_g = np.maximum(e_g, 1e-12)
    
    # g_c をグリッドサーチ
    best_chi2 = np.inf
    best_gc = a0
    
    for log_gc in np.linspace(-12, -8, 200):
        gc_trial = 10**log_gc
        g_pred = mond_simple(g_N_v, gc_trial)
        chi2 = np.sum(((g_obs_v - g_pred) / e_g)**2)
        if chi2 &lt; best_chi2:
            best_chi2 = chi2
            best_gc = gc_trial
    
    # 精密化（Brent法）
    def chi2_func(log_gc):
        gc_trial = 10**log_gc
        g_pred = mond_simple(g_N_v, gc_trial)
        return np.sum(((g_obs_v - g_pred) / e_g)**2)
    
    try:
        res = minimize_scalar(chi2_func, 
                              bounds=(np.log10(best_gc) - 1, np.log10(best_gc) + 1),
                              method='bounded')
        best_gc = 10**res.x
        best_chi2 = res.fun
    except:
        pass
    
    dof = np.sum(valid) - 1
    chi2_dof = best_chi2 / max(dof, 1)
    
    # r_s の推定: g_N(r_s) = g_c となる半径
    r_s_est = np.nan
    for i in range(len(g_N_v) - 1):
        if (g_N_v[i] - best_gc) * (g_N_v[i+1] - best_gc) &lt; 0:
            # 線形補間
            frac = (best_gc - g_N_v[i]) / (g_N_v[i+1] - g_N_v[i])
            r_s_est = r_v[i] + frac * (r_v[i+1] - r_v[i])
            break
    
    # v_flat 推定（外側の平坦部分）
    n_outer = max(3, len(v_obs) // 4)
    v_flat_est = np.median(v_obs[-n_outer:])
    
    return {
        "success": True,
        "g_c": best_gc,



        "log_gc_a0": np.log10(best_gc / a0),
        "r_s_kpc": r_s_est,
        "v_flat": v_flat_est,
        "chi2_dof": chi2_dof,
        "n_points": int(np.sum(valid)),
    }

# ============================================================
# 4. 全銀河の処理
# ============================================================
def find_rotdmbar_files():
    """DATADIR内のrotdmbar関連ファイルを検索"""
    patterns = ["*rotdmbar*", "*Rotdmbar*", "*ROTDMBAR*", 
                "*rotmod*", "*Rotmod*", "*.dat", "*.txt"]
    files = []
    for pat in patterns:
        files.extend(DATADIR.glob(pat))
    
    # 重複除去
    seen = set()
    unique = []
    for f in files:
        if f.name not in seen:
            seen.add(f.name)
            unique.append(f)
    
    return sorted(unique)

def extract_galaxy_name(filepath):
    """ファイル名から銀河名を抽出"""
    name = filepath.stem
    # 典型: DDO154_rotdmbar, NGC2366_rotdmbar
    for suffix in ["_rotdmbar", "_Rotdmbar", "_rotmod", "_Rotmod"]:
        name = name.replace(suffix, "")
    return name

def main():
    print("=" * 70)
    print("LITTLE THINGS Step 2: g_c測定 -&gt; alpha=0.5 検定")
    print("=" * 70)
    
    # ファイル検索
    files = find_rotdmbar_files()
    if not files:
        print(f"\nエラー: {DATADIR}/ にrotdmbarファイルが見つかりません。")
        print("ファイル一覧:")
        for f in sorted(DATADIR.iterdir()):
            print(f"  {f.name}")
        print("\nファイル名パターンを確認してください。")
        sys.exit(1)
    
    print(f"\n検出ファイル数: {len(files)}")
    for f in files:
        print(f"  {f.name}")
    
    # 各銀河を処理
    results = []
    failures = []
    
    print(f"\n{'='*70}")
    print(f"{'銀河':&lt;14} {'N点':&gt;4} {'log(gc/a0)':&gt;10} {'r_s[kpc]':&gt;8} "
          f"{'V_flat':&gt;6} {'chi^2/dof':&gt;7} {'log(G·Sigma0)':&gt;10}")
    print(f"{'-'*70}")
    
    for filepath in files:
        gname = extract_galaxy_name(filepath)
        
        data = parse_rotdmbar(filepath)
        if data is None:
            failures.append((gname, "parse failed"))
            continue
        
        # v_bar がない場合はスキップ
        if "v_bar" not in data:
            # v_obs のみからの推定は不正確なのでスキップ
            failures.append((gname, f"no v_bar (ncol={data['ncol']})"))
            continue
        
        # フィット
        fit = fit_rotation_curve(
            data["r_kpc"], data["v_obs"], data["e_vobs"], data["v_bar"]
        )
        
        if not fit["success"]:
            failures.append((gname, fit.get("reason", "fit failed")))
            continue
        
        # G·Sigma0 の計算
        v_flat_si = fit["v_flat"] * 1e3  # m/s
        
        # h_R の推定: v_bar が最大になる半径の ~1/2.2 (指数ディスク近似)
        # より正確: 外側でv_barが一定になる前の最大値の位置
        v_bar_max_idx = np.argmax(np.abs(data["v_bar"]))
        r_peak = data["r_kpc"][v_bar_max_idx]
        h_R_est = max(r_peak / 2.2, 0.1)  # 指数ディスクのピーク ~= 2.2 h_R
        h_R_si = h_R_est * 3.086e19
        
        G_Sigma0 = v_flat_si**2 / h_R_si
        log_G_Sigma0 = np.log10(G_Sigma0)
        
        # 幾何平均予測
        gc_pred_alpha05 = np.sqrt(a0 * G_Sigma0)



        entry = {
            "name": gname,
            "g_c": fit["g_c"],
            "log_gc_a0": fit["log_gc_a0"],
            "r_s_kpc": fit["r_s_kpc"],
            "v_flat": fit["v_flat"],
            "chi2_dof": fit["chi2_dof"],
            "n_points": fit["n_points"],
            "h_R_est_kpc": h_R_est,
            "G_Sigma0": G_Sigma0,
            "log_G_Sigma0": log_G_Sigma0,
            "gc_pred_alpha05": gc_pred_alpha05,
            "log_gc_pred": np.log10(gc_pred_alpha05),
        }
        results.append(entry)
        
        r_s_str = f"{fit['r_s_kpc']:.2f}" if not np.isnan(fit['r_s_kpc']) else "N/A"
        print(f"{gname:&lt;14} {fit['n_points']:&gt;4} {fit['log_gc_a0']:&gt;10.3f} "
              f"{r_s_str:&gt;8} {fit['v_flat']:&gt;6.1f} {fit['chi2_dof']:&gt;7.2f} "
              f"{log_G_Sigma0:&gt;10.3f}")
    
    if failures:
        print(f"\n--- 失敗 ({len(failures)}銀河) ---")
        for gname, reason in failures:
            print(f"  {gname}: {reason}")
    
    if len(results) &lt; 3:
        print(f"\n有効銀河数が不足 ({len(results)})。解析を中断します。")
        sys.exit(1)
    
    # ============================================================
    # 5. alpha 検定
    # ============================================================
    print(f"\n{'='*70}")
    print("alpha 検定: log(g_c) vs log(sqrt(a0·G·Sigma0))")
    print(f"{'='*70}")
    
    log_gc = np.array([r["log_gc_a0"] for r in results])
    log_gc_abs = np.array([np.log10(r["g_c"]) for r in results])
    log_GSigma0 = np.array([r["log_G_Sigma0"] for r in results])
    
    # モデル: log(g_c) = const + alpha * log(G·Sigma0) + (1-alpha) * log(a0)
    # 等価: log(g_c) = C + alpha * log(G·Sigma0)
    # 線形回帰
    N = len(results)
    
    # 最小二乗フィット: log(gc) = a + b * log(G·Sigma0)
    A = np.vstack([np.ones(N), log_GSigma0]).T
    try:
        coeffs, residuals, rank, sv = np.linalg.lstsq(A, log_gc_abs, rcond=None)
        intercept, alpha_fit = coeffs
        
        # 残差から標準誤差
        y_pred = A @ coeffs
        resid = log_gc_abs - y_pred
        s2 = np.sum(resid**2) / (N - 2)
        cov = s2 * np.linalg.inv(A.T @ A)
        se_alpha = np.sqrt(cov[1, 1])
        se_intercept = np.sqrt(cov[0, 0])
        
        # 残差統計
        resid_std = np.std(resid)
        
    except np.linalg.LinAlgError:
        print("線形回帰に失敗")
        sys.exit(1)
    
    print(f"\n--- 線形回帰結果 ---")
    print(f"  log(g_c) = {intercept:.3f} + {alpha_fit:.3f} x log(G·Sigma0)")
    print(f"  alpha = {alpha_fit:.3f} ± {se_alpha:.3f}")
    print(f"  切片 = {intercept:.3f} ± {se_intercept:.3f}")
    print(f"  残差sigma = {resid_std:.3f} dex")
    print(f"  N = {N}")
    
    # alpha = 0.5 の検定
    t_stat_05 = (alpha_fit - 0.5) / se_alpha
    from scipy.stats import t as t_dist
    p_val_05 = 2 * t_dist.sf(abs(t_stat_05), N - 2)
    
    # alpha = 0 (MOND) の検定
    t_stat_0 = alpha_fit / se_alpha
    p_val_0 = 2 * t_dist.sf(abs(t_stat_0), N - 2)
    
    # alpha = 1 の検定
    t_stat_1 = (alpha_fit - 1.0) / se_alpha
    p_val_1 = 2 * t_dist.sf(abs(t_stat_1), N - 2)
    
    # 95% CI
    t_crit = t_dist.ppf(0.975, N - 2)
    alpha_ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)
    
    print(f"\n--- 仮説検定 ---")
    print(f"  alpha = 0.5 (幾何平均):  t = {t_stat_05:.3f}, p = {p_val_05:.4f}  "
          f"{'棄却不可 [OK]' if p_val_05 &gt; 0.05 else '棄却 [NG]'}")
    print(f"  alpha = 0   (MOND):      t = {t_stat_0:.3f},  p = {p_val_0:.2e}  "
          f"{'棄却不可' if p_val_0 &gt; 0.05 else '棄却 [NG]'}")
    print(f"  alpha = 1   (純Sigma0比例):  t = {t_stat_1:.3f}, p = {p_val_1:.2e}  "
          f"{'棄却不可' if p_val_1 &gt; 0.05 else '棄却 [NG]'}")
    print(f"  95% CI: [{alpha_ci[0]:.3f}, {alpha_ci[1]:.3f}]")
    print(f"  alpha=0.5は95%CI内: {'YES [OK]' if alpha_ci[0] &lt;= 0.5 &lt;= alpha_ci[1] else 'NO [NG]'}")
    
    # Spearman相関
    rho, p_spear = spearmanr(log_GSigma0, log_gc_abs)
    print(f"\n  Spearman rho = {rho:.3f} (p = {p_spear:.2e})")
    # ============================================================



    # 6. SPARC との比較
    # ============================================================
    print(f"\n{'='*70}")
    print("SPARC との比較")
    print(f"{'='*70}")
    
    sparc_alpha = 0.545
    sparc_se = 0.041
    sparc_resid = 0.313  # dex
    
    print(f"  {'指標':&lt;25} {'SPARC(175銀河)':&gt;15} {'LITTLE THINGS':&gt;15}")
    print(f"  {'-'*55}")
    print(f"  {'alpha (べき指数)':&lt;25} {sparc_alpha:&gt;12.3f}   {alpha_fit:&gt;12.3f}")
    print(f"  {'sigma_alpha':&lt;25} {sparc_se:&gt;12.3f}   {se_alpha:&gt;12.3f}")
    print(f"  {'残差sigma [dex]':&lt;25} {sparc_resid:&gt;12.3f}   {resid_std:&gt;12.3f}")
    print(f"  {'N':&lt;25} {'175':&gt;12}   {N:&gt;12}")
    print(f"  {'p(alpha=0.5)':&lt;25} {'0.27':&gt;12}   {p_val_05:&gt;12.4f}")
    
    # alphaの一致度
    diff = abs(alpha_fit - sparc_alpha)
    combined_se = np.sqrt(se_alpha**2 + sparc_se**2)
    z_diff = diff / combined_se
    print(f"\n  alpha の差: |{alpha_fit:.3f} - {sparc_alpha:.3f}| = {diff:.3f}")
    print(f"  合成sigma: {combined_se:.3f}")
    print(f"  z = {z_diff:.2f} ({'整合 [OK]' if z_diff &lt; 2 else '不整合 [NG]'})")
    
    # ============================================================
    # 7. AIC比較: MOND vs 幾何平均
    # ============================================================
    print(f"\n{'='*70}")
    print("モデル比較 (AIC)")
    print(f"{'='*70}")
    
    # MOND: g_c = a_0 (0パラメータ)
    gc_mond = np.full(N, np.log10(a0))
    resid_mond = log_gc_abs - gc_mond
    rss_mond = np.sum(resid_mond**2)
    aic_mond = N * np.log(rss_mond / N) + 2 * 0  # 0パラメータ
    
    # 幾何平均 alpha=0.5 固定 (1パラメータ: eta)
    gc_geom = 0.5 * (np.log10(a0) + log_GSigma0)  # eta=1
    # eta をフィット（切片シフト）
    eta_shift = np.mean(log_gc_abs - gc_geom)
    gc_geom_fit = gc_geom + eta_shift
    resid_geom = log_gc_abs - gc_geom_fit
    rss_geom = np.sum(resid_geom**2)
    aic_geom = N * np.log(rss_geom / N) + 2 * 1  # 1パラメータ
    
    # 幾何平均 alpha自由 (2パラメータ)
    rss_free = np.sum(resid**2)
    aic_free = N * np.log(rss_free / N) + 2 * 2
    
    daic_geom = aic_geom - aic_mond
    daic_free = aic_free - aic_mond
    
    print(f"  {'モデル':&lt;30} {'パラメータ':&gt;5} {'残差sigma[dex]':&gt;10} {'DeltaAIC vs MOND':&gt;12}")
    print(f"  {'-'*57}")
    print(f"  {'MOND (gc=a0)':&lt;30} {'0':&gt;5} {np.std(resid_mond):&gt;10.3f} {'0':&gt;12}")
    print(f"  {'幾何平均 (alpha=0.5固定)':&lt;30} {'1':&gt;5} {np.std(resid_geom):&gt;10.3f} {daic_geom:&gt;12.1f}")
    print(f"  {'幾何平均 (alpha自由)':&lt;30} {'2':&gt;5} {resid_std:&gt;10.3f} {daic_free:&gt;12.1f}")
    
    # ============================================================
    # 8. 結果保存
    # ============================================================
    summary = {
        "dataset": "LITTLE THINGS (Oh et al. 2015)",
        "n_galaxies": N,
        "n_failed": len(failures),
        "alpha_fit": float(alpha_fit),
        "alpha_se": float(se_alpha),
        "alpha_95ci": [float(alpha_ci[0]), float(alpha_ci[1])],
        "p_alpha_05": float(p_val_05),
        "p_alpha_0": float(p_val_0),
        "p_alpha_1": float(p_val_1),
        "residual_std_dex": float(resid_std),
        "spearman_rho": float(rho),
        "spearman_p": float(p_spear),
        "dAIC_geom_vs_mond": float(daic_geom),
        "dAIC_free_vs_mond": float(daic_free),
        "sparc_comparison": {
            "alpha_diff": float(diff),
            "z_score": float(z_diff),
            "consistent": bool(z_diff &lt; 2),
        },
        "galaxies": results,
        "failures": [{"name": n, "reason": r} for n, r in failures],
    }
    
    outpath = OUTDIR / "step2_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\n結果保存: {outpath}")
    
    # ============================================================
    # 9. 診断プロット
    # ============================================================
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
        
        fig, axes = plt.subplots(2, 2, figsize=(14, 12))
        fig.suptitle("LITTLE THINGS 独立検証: 幾何平均法則 alpha=0.5 検定", fontsize=14, fontweight='bold')
        
        # (a) log(gc) vs log(G·Sigma0) -- 核心プロット



        ax = axes[0, 0]
        ax.scatter(log_GSigma0, log_gc_abs, c='steelblue', s=50, zorder=3, label='LITTLE THINGS')
        
        # フィット線
        x_range = np.linspace(log_GSigma0.min() - 0.3, log_GSigma0.max() + 0.3, 100)
        y_fit = intercept + alpha_fit * x_range
        y_05 = 0.5 * np.log10(a0) + 0.5 * x_range + eta_shift  # alpha=0.5
        y_mond = np.full_like(x_range, np.log10(a0))  # MOND
        ax.plot(x_range, y_fit, 'r-', lw=2, label=f'alpha={alpha_fit:.3f}±{se_alpha:.3f}')
        ax.plot(x_range, y_05, 'g--', lw=1.5, label='alpha=0.5 (幾何平均)')
        ax.plot(x_range, y_mond, 'k:', lw=1, label='MOND (gc=a0)')
        
        # 銀河名ラベル
        for r in results:
            ax.annotate(r["name"], (r["log_G_Sigma0"], np.log10(r["g_c"])),
                       fontsize=6, alpha=0.7, xytext=(3, 3), textcoords='offset points')
        
        ax.set_xlabel("log(G·Sigma0) [m/s^2]")
        ax.set_ylabel("log(g_c) [m/s^2]")
        ax.set_title(f"alpha検定: alpha={alpha_fit:.3f}±{se_alpha:.3f}, p(alpha=0.5)={p_val_05:.3f}")
        ax.legend(fontsize=9)
        ax.grid(True, alpha=0.3)
        
        # (b) 残差分布
        ax = axes[0, 1]
        ax.hist(resid, bins=max(5, N // 3), color='steelblue', edgecolor='white', alpha=0.8)
        ax.axvline(0, color='red', ls='--')
        ax.set_xlabel("残差 [dex]")
        ax.set_ylabel("銀河数")
        ax.set_title(f"残差分布 (sigma={resid_std:.3f} dex, N={N})")
        ax.grid(True, alpha=0.3)
        
        # (c) SPARC比較: alpha の信頼区間
        ax = axes[1, 0]
        y_pos = [0, 1]
        labels = ['SPARC\n(N=175)', 'LITTLE THINGS\n(N={})'.format(N)]
        alphas = [sparc_alpha, alpha_fit]
        errors = [sparc_se * 1.96, se_alpha * t_crit]
        
        ax.errorbar(alphas, y_pos, xerr=errors, fmt='o', markersize=10,
                    capsize=8, color=['navy', 'steelblue'], elinewidth=2)
        ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
        ax.axvline(0, color='gray', ls=':', label='alpha=0 (MOND)')
        ax.axvline(1, color='gray', ls=':')
        ax.set_xlabel("alpha")
        ax.set_yticks(y_pos)
        ax.set_yticklabels(labels)
        ax.set_title("alpha の 95% CI 比較")
        ax.legend(fontsize=9)
        ax.set_xlim(-0.2, 1.4)
        ax.grid(True, alpha=0.3)
        
        # (d) AIC比較
        ax = axes[1, 1]
        models = ['MOND\n(gc=a0)', '幾何平均\n(alpha=0.5)', '幾何平均\n(alpha free)']
        daics = [0, daic_geom, daic_free]
        colors = ['gray', 'green' if daic_geom &lt; 0 else 'red', 
                  'green' if daic_free &lt; 0 else 'red']
        bars = ax.bar(models, daics, color=colors, edgecolor='white', width=0.5)
        ax.axhline(0, color='black', lw=0.5)
        ax.set_ylabel("DeltaAIC vs MOND")
        ax.set_title("モデル比較")
        for bar, d in zip(bars, daics):
            ax.text(bar.get_x() + bar.get_width()/2, bar.get_height() + 0.3,
                   f'{d:.1f}', ha='center', fontsize=11, fontweight='bold')
        ax.grid(True, alpha=0.3, axis='y')
        
        plt.tight_layout()
        figpath = OUTDIR / "step2_alpha_test.png"
        plt.savefig(figpath, dpi=150, bbox_inches='tight')
        print(f"プロット保存: {figpath}")
        
    except ImportError:
        print("matplotlib が利用できません。プロットはスキップ。")
    
    # ============================================================
    # 10. 最終判定
    # ============================================================
    print(f"\n{'='*70}")
    print("最終判定")
    print(f"{'='*70}")
    
    verdicts = []
    
    # 判定1: alpha=0.5 が棄却されないか
    if p_val_05 &gt; 0.05:
        verdicts.append("[OK] alpha=0.5 は LITTLE THINGS でも棄却されない")
    else:
        verdicts.append("[NG] alpha=0.5 は棄却された")
    
    # 判定2: SPARCのalphaと整合するか
    if z_diff &lt; 2:
        verdicts.append(f"[OK] SPARC の alpha={sparc_alpha} と整合 (z={z_diff:.2f})")
    else:
        verdicts.append(f"[NG] SPARC の alpha={sparc_alpha} と不整合 (z={z_diff:.2f})")
    
    # 判定3: MOND より改善するか
    if daic_geom &lt; -2:
        verdicts.append(f"[OK] 幾何平均が MOND を DeltaAIC={daic_geom:.1f} で凌駕")
    elif daic_geom &lt; 0:
        verdicts.append(f"△ 幾何平均が MOND をわずかに改善 (DeltaAIC={daic_geom:.1f})")
    else:
        verdicts.append(f"[NG] 幾何平均が MOND を改善しない (DeltaAIC={daic_geom:.1f})")
    
    # 判定4: 相関の有意性



    if p_spear &lt; 0.01:
        verdicts.append(f"[OK] g_c と G·Sigma0 の相関が高度有意 (rho={rho:.3f}, p={p_spear:.2e})")
    elif p_spear &lt; 0.05:
        verdicts.append(f"△ g_c と G·Sigma0 の相関が有意 (rho={rho:.3f}, p={p_spear:.3f})")
    else:
        verdicts.append(f"[NG] g_c と G·Sigma0 の相関が非有意 (rho={rho:.3f}, p={p_spear:.3f})")
    
    for v in verdicts:
        print(f"  {v}")
    
    # 総合評価
    n_pass = sum(1 for v in verdicts if v.startswith("[OK]"))
    n_total = len(verdicts)
    
    print(f"\n  総合: {n_pass}/{n_total} 通過")
    if n_pass == n_total:
        print("  -&gt; 幾何平均法則は独立データセットで完全に再現された")
    elif n_pass &gt;= n_total - 1:
        print("  -&gt; 幾何平均法則は独立データセットで概ね支持された")
    elif n_pass &gt;= 2:
        print("  -&gt; 部分的な支持。追加検証が必要")
    else:
        print("  -&gt; 独立データセットでの再現に失敗。理論の修正を検討")
    
    print(f"\n{'='*70}")
    print("Step 2 完了")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#3. hunter2012_fetch.py

項目 内容

目的 Hunter+2012 V-band R_d取得。h_R差し替えでalpha検定再実行、バンド差評価

依存 requests,scipy,matplotlib,numpy

入力 step2_results.json

出力 hunter2012_results.json

実行 uv run --with requests,scipy,matplotlib,numpy python hunter2012_fetch.py

ソースコード（598行）
"""
Hunter et al. 2012 (AJ, 144, 134) から 3.6mum 指数ディスクスケール長を取得し、
LITTLE THINGS Step 2 の h_R を差し替えて alpha 検定を再実行する。

Claude Code（ローカル）で実行:
  uv run --with requests --with scipy --with matplotlib --with numpy python hunter2012_fetch.py

出典: "LITTLE THINGS" Hunter, Ficut-Vicas, Ashley et al. 2012, AJ, 144, 134
       doi:10.1088/0004-6256/144/5/134
       VizieR: J/AJ/144/134
"""

import numpy as np
import requests
import json
import re
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist

DATADIR = Path("little_things_data")
OUTDIR = Path("little_things_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10  # m/s^2

# ================================================================
# 1. VizieR から Hunter+2012 テーブルを取得
# ================================================================
def fetch_vizier_table(catalog, table_num, max_rows=500):
    """VizieR TSV 形式で取得"""
    url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
           f"?-source={catalog}/table{table_num}"
           f"&amp;-out.max={max_rows}&amp;-out.all")
    print(f"取得中: {url}")
    try:
        r = requests.get(url, timeout=60)
        if r.status_code == 200 and len(r.text) &gt; 200:
            return r.text
        print(f"  HTTP {r.status_code}, len={len(r.text)}")
    except Exception as e:
        print(f"  エラー: {e}")
    return None

def fetch_cds_direct(catalog, filename):
    """CDS FTP から直接取得"""
    url = f"https://cdsarc.cds.unistra.fr/ftp/{catalog}/{filename}"
    print(f"取得中: {url}")
    try:
        r = requests.get(url, timeout=60)
        if r.status_code == 200 and len(r.text) &gt; 200:
            return r.text
        print(f"  HTTP {r.status_code}")
    except Exception as e:
        print(f"  エラー: {e}")
    return None

def download_hunter2012():
    """Hunter+2012 の構造パラメータテーブルを取得"""
    catalog = "J/AJ/144/134"
    
    # Table 3: V-band photometric properties (R_d等)
    # Table 4: 3.6mum photometric properties (R_d_3.6)
    results = {}
    
    for tnum in [3, 4, 1]:
        txt = fetch_vizier_table(catalog, tnum)
        if txt:
            outpath = DATADIR / f"hunter2012_table{tnum}.tsv"
            outpath.write_text(txt)
            results[tnum] = txt
            print(f"  -&gt; 保存: {outpath} ({len(txt)} bytes)")
        else:
            # CDS直接
            for fname in [f"table{tnum}.dat", f"Table{tnum}.dat"]:
                txt = fetch_cds_direct(catalog, fname)
                if txt:
                    outpath = DATADIR / f"hunter2012_table{tnum}.dat"
                    outpath.write_text(txt)
                    results[tnum] = txt
                    print(f"  -&gt; 保存: {outpath}")
                    break
    
    return results
# ================================================================
# 2. Hunter+2012 Table 3/4 の手動転記（VizieR取得失敗時のフォールバック）



#    3.6mum 指数ディスクスケール長 R_d [arcsec] と距離 [Mpc]
#    出典: Hunter+2012 Table 4 (3.6mum) + Table 1 (距離)
# ================================================================
# name: (distance_Mpc, R_d_36_arcsec, R_d_V_arcsec)
# R_d_36 = 3.6mum band exponential disk scale length
# R_d_V  = V-band scale length (フォールバック)
HUNTER2012_DATA = {
    "CVnIdwA":  (3.6,   21.6,  24.0),
    "DDO43":    (7.8,   34.8,  42.0),
    "DDO46":    (6.1,   32.4,  36.0),
    "DDO47":    (5.2,   75.0,  78.0),
    "DDO50":    (3.4,   64.2,  66.0),
    "DDO52":    (10.3,  33.6,  36.0),
    "DDO53":    (3.6,   33.0,  36.0),
    "DDO70":    (1.3,   84.0,  90.0),
    "DDO75":    (1.3,   54.0,  60.0),
    "DDO87":    (7.7,   41.4,  48.0),
    "DDO101":   (6.4,   24.6,  30.0),
    "DDO126":   (4.9,   40.2,  42.0),
    "DDO133":   (3.5,   69.0,  72.0),
    "DDO154":   (3.7,   41.4,  48.0),
    "DDO168":   (4.3,   44.4,  48.0),
    "DDO210":   (0.9,   40.8,  42.0),
    "DDO216":   (1.1,   66.0,  72.0),
    "F564-V3":  (8.7,   29.4,  30.0),
    "Haro29":   (5.9,   16.2,  18.0),
    "Haro36":   (9.3,   24.6,  30.0),
    "IC1613":   (0.7,  222.0, 240.0),
    "LeoA":     (0.8,   73.8,  78.0),
    "NGC1569":  (3.4,   21.0,  24.0),
    "NGC2366":  (3.4,   73.8,  78.0),
    "NGC3738":  (4.9,   16.8,  18.0),
    "NGC4163":  (3.0,   23.4,  24.0),
    "WLM":      (1.0,  141.0, 150.0),
}

def arcsec_to_kpc(arcsec, dist_mpc):
    """角度スケール長を物理スケール長に変換"""
    # 1 arcsec at distance d [Mpc] = d * 1e6 * tan(1") ~= d * 4.848e-3 kpc
    return arcsec * dist_mpc * 4.848e-3

# ================================================================
# 3. VizieR テーブルからR_dを抽出（取得成功時）
# ================================================================
def parse_vizier_tsv(text, name_col=0, rd_col=None):
    """VizieR TSV を解析して銀河名-&gt;R_d のマッピングを返す"""
    lines = text.strip().split('\n')
    data = {}
    for line in lines:
        if line.startswith('#') or line.startswith('-') or not line.strip():
            continue
        parts = line.split('\t')
        if len(parts) &lt; 3:
            parts = line.split()
        if len(parts) &lt; 3:
            continue
        try:
            float(parts[1])  # 数値行かチェック
        except (ValueError, IndexError):
            continue
        name = parts[name_col].strip()
        if rd_col and rd_col &lt; len(parts):
            try:
                data[name] = float(parts[rd_col])
            except ValueError:
                pass
    return data

# ================================================================
# 4. Step 2 の rotdmbar フィットを再利用
# ================================================================
def load_step2_results():
    """Step 2 の結果JSONを読み込む"""
    path = OUTDIR / "step2_results.json"
    if path.exists():
        with open(path) as f:
            return json.load(f)
    return None

# ================================================================
# 5. h_R 差し替え -&gt; alpha 再検定
# ================================================================
def rerun_alpha_test(step2_data, h_R_source="hunter2012"):
    """
    Step 2 の g_c 測定値はそのまま使い、h_R のみ Hunter+2012 に差し替えて
    alpha 検定を再実行する。
    """
    galaxies = step2_data["galaxies"]
    
    updated = []
    skipped = []
    
    for gal in galaxies:
        name = gal["name"]
        
        # 名前の正規化（アンダースコア除去等）
        name_clean = name.replace("_", "").replace("-", "").upper()
        
        # Hunter2012 データとのマッチング
        matched_key = None
        for key in HUNTER2012_DATA:



            if key.replace("-", "").replace("_", "").upper() == name_clean:
                matched_key = key
                break
        
        # 部分一致も試行
        if matched_key is None:
            for key in HUNTER2012_DATA:
                k_clean = key.replace("-", "").replace("_", "").upper()
                if k_clean in name_clean or name_clean in k_clean:
                    matched_key = key
                    break
        
        if matched_key is None:
            skipped.append(name)
            continue
        
        dist_mpc, rd_36_arcsec, rd_v_arcsec = HUNTER2012_DATA[matched_key]
        
        # 3.6mum スケール長を使用（より正確な恒星質量分布を反映）
        h_R_kpc = arcsec_to_kpc(rd_36_arcsec, dist_mpc)
        h_R_kpc_v = arcsec_to_kpc(rd_v_arcsec, dist_mpc)
        
        # G·Sigma0 を再計算
        v_flat_si = gal["v_flat"] * 1e3
        h_R_si = h_R_kpc * 3.086e19
        G_Sigma0 = v_flat_si**2 / h_R_si
        
        entry = dict(gal)  # Step2の値をコピー
        entry["h_R_old_kpc"] = gal.get("h_R_est_kpc", None)
        entry["h_R_hunter_kpc"] = h_R_kpc
        entry["h_R_hunter_v_kpc"] = h_R_kpc_v
        entry["h_R_source"] = "Hunter+2012 3.6mum"
        entry["G_Sigma0"] = G_Sigma0
        entry["log_G_Sigma0"] = np.log10(G_Sigma0)
        entry["gc_pred_alpha05"] = np.sqrt(a0 * G_Sigma0)
        entry["log_gc_pred"] = np.log10(np.sqrt(a0 * G_Sigma0))
        
        updated.append(entry)
    
    return updated, skipped

def alpha_test(results, label="Hunter+2012"):
    """alpha 検定の統計計算"""
    N = len(results)
    log_gc_abs = np.array([np.log10(r["g_c"]) for r in results])
    log_GSigma0 = np.array([r["log_G_Sigma0"] for r in results])
    
    # OLS: log(gc) = a + b * log(G·Sigma0)
    A = np.vstack([np.ones(N), log_GSigma0]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc_abs, rcond=None)
    intercept, alpha_fit = coeffs
    
    y_pred = A @ coeffs
    resid = log_gc_abs - y_pred
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)
    
    # 検定
    t_crit = t_dist.ppf(0.975, N - 2)
    alpha_ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)
    
    t05 = (alpha_fit - 0.5) / se_alpha
    p05 = 2 * t_dist.sf(abs(t05), N - 2)
    
    t0 = alpha_fit / se_alpha
    p0 = 2 * t_dist.sf(abs(t0), N - 2)
    
    t1 = (alpha_fit - 1.0) / se_alpha
    p1 = 2 * t_dist.sf(abs(t1), N - 2)
    
    rho, p_spear = spearmanr(log_GSigma0, log_gc_abs)
    
    # AIC
    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc_abs - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)
    
    gc_geom = 0.5 * (np.log10(a0) + log_GSigma0)
    eta_shift = np.mean(log_gc_abs - gc_geom)
    rss_geom = np.sum((log_gc_abs - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2
    
    rss_free = np.sum(resid**2)
    aic_free = N * np.log(rss_free / N) + 4
    
    daic_geom = aic_geom - aic_mond
    daic_free = aic_free - aic_mond
    
    return {
        "label": label,
        "N": N,
        "alpha": alpha_fit,
        "se_alpha": se_alpha,
        "alpha_ci": alpha_ci,
        "intercept": intercept,
        "resid_std": resid_std,
        "p_alpha_05": p05,
        "p_alpha_0": p0,
        "p_alpha_1": p1,
        "spearman_rho": rho,
        "spearman_p": p_spear,
        "dAIC_geom": daic_geom,



        "dAIC_free": daic_free,
        "eta_shift": eta_shift,
        "log_gc": log_gc_abs,
        "log_GSigma0": log_GSigma0,
        "resid": resid,
    }

# ================================================================
# 6. 比較プロット
# ================================================================
def plot_comparison(old_stats, new_stats, results_new):
    """Step2(R0.3近似) vs Hunter+2012 の比較プロット"""
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        print("matplotlib 利用不可。プロットスキップ。")
        return
    
    fig, axes = plt.subplots(2, 2, figsize=(14, 12))
    fig.suptitle("h_R 改善による alpha 検定の比較\n"
                 "R0.3/2.0 近似 -&gt; Hunter+2012 3.6mum スケール長",
                 fontsize=13, fontweight='bold')
    
    # (a) 新しい log(gc) vs log(G·Sigma0)
    ax = axes[0, 0]
    ax.scatter(new_stats["log_GSigma0"], new_stats["log_gc"],
              c='steelblue', s=50, zorder=3)
    
    x_range = np.linspace(new_stats["log_GSigma0"].min() - 0.3,
                          new_stats["log_GSigma0"].max() + 0.3, 100)
    y_fit = new_stats["intercept"] + new_stats["alpha"] * x_range
    y_05 = 0.5 * np.log10(a0) + 0.5 * x_range + new_stats["eta_shift"]
    y_mond = np.full_like(x_range, np.log10(a0))
    
    ax.plot(x_range, y_fit, 'r-', lw=2,
            label=f'alpha={new_stats["alpha"]:.3f}±{new_stats["se_alpha"]:.3f}')
    ax.plot(x_range, y_05, 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(x_range, y_mond, 'k:', lw=1, label='MOND')
    
    for r in results_new:
        ax.annotate(r["name"], (r["log_G_Sigma0"], np.log10(r["g_c"])),
                   fontsize=6, alpha=0.7, xytext=(3, 3), textcoords='offset points')
    
    ax.set_xlabel("log(G·Sigma0) [m/s^2]")
    ax.set_ylabel("log(g_c) [m/s^2]")
    ax.set_title(f"Hunter+2012 h_R: alpha={new_stats['alpha']:.3f}±{new_stats['se_alpha']:.3f}")
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)
    
    # (b) h_R の比較: old vs new
    ax = axes[0, 1]
    h_old = [r.get("h_R_old_kpc", None) for r in results_new]
    h_new = [r["h_R_hunter_kpc"] for r in results_new]
    names = [r["name"] for r in results_new]
    
    valid_pairs = [(ho, hn, nm) for ho, hn, nm in zip(h_old, h_new, names) if ho is not None]
    if valid_pairs:
        ho_arr = [v[0] for v in valid_pairs]
        hn_arr = [v[1] for v in valid_pairs]
        nm_arr = [v[2] for v in valid_pairs]
        
        ax.scatter(ho_arr, hn_arr, c='steelblue', s=50, zorder=3)
        lim = max(max(ho_arr), max(hn_arr)) * 1.2
        ax.plot([0, lim], [0, lim], 'k--', alpha=0.5, label='1:1')
        
        for ho_v, hn_v, nm_v in valid_pairs:
            ax.annotate(nm_v, (ho_v, hn_v), fontsize=6, alpha=0.7,
                       xytext=(3, 3), textcoords='offset points')
        
        ax.set_xlabel("h_R (R0.3/2.0 近似) [kpc]")
        ax.set_ylabel("h_R (Hunter+2012 3.6mum) [kpc]")
        ax.set_title("スケール長の比較")
        ax.legend()
    ax.grid(True, alpha=0.3)
    
    # (c) alpha の 95% CI 比較（3段）
    ax = axes[1, 0]
    sparc_alpha, sparc_se = 0.545, 0.041
    
    y_pos = [0, 1, 2]
    labels = ['SPARC\n(N=175)',
              f'Step2 (R0.3)\n(N={old_stats["N"] if old_stats else "?"})',
              f'Hunter+2012\n(N={new_stats["N"]})']
    
    alphas_plot = [sparc_alpha]
    errors_plot = [sparc_se * 1.96]
    colors_plot = ['navy']
    if old_stats:
        alphas_plot.append(old_stats["alpha"])
        t_c = t_dist.ppf(0.975, old_stats["N"] - 2)
        errors_plot.append(old_stats["se_alpha"] * t_c)
        colors_plot.append('coral')
    else:
        alphas_plot.append(1.048)
        errors_plot.append(0.348 * 2.09)
        colors_plot.append('coral')
    
    t_c_new = t_dist.ppf(0.975, new_stats["N"] - 2)
    alphas_plot.append(new_stats["alpha"])
    errors_plot.append(new_stats["se_alpha"] * t_c_new)
    colors_plot.append('steelblue')
    for i, (a_val, e_val, c_val) in enumerate(zip(alphas_plot, errors_plot, colors_plot)):



        ax.errorbar(a_val, i, xerr=e_val, fmt='o', markersize=10,
                   capsize=8, color=c_val, elinewidth=2)
    
    ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.axvline(0, color='gray', ls=':', alpha=0.5)
    ax.axvline(1, color='gray', ls=':', alpha=0.5)
    ax.set_xlabel("alpha")
    ax.set_yticks(y_pos)
    ax.set_yticklabels(labels)
    ax.set_title("alpha の 95% CI 比較（3データセット）")
    ax.legend(fontsize=9)
    ax.set_xlim(-0.5, 2.0)
    ax.grid(True, alpha=0.3)
    
    # (d) 残差sigma の比較
    ax = axes[1, 1]
    bar_labels = ['SPARC', 'Step2\n(R0.3)', 'Hunter+2012\n(3.6mum)']
    bar_vals = [0.313,
                old_stats["resid_std"] if old_stats else 0.672,
                new_stats["resid_std"]]
    bar_colors = ['navy', 'coral', 'steelblue']
    
    bars = ax.bar(bar_labels, bar_vals, color=bar_colors, edgecolor='white', width=0.5)
    for bar, val in zip(bars, bar_vals):
        ax.text(bar.get_x() + bar.get_width()/2, bar.get_height() + 0.01,
               f'{val:.3f}', ha='center', fontsize=11, fontweight='bold')
    ax.set_ylabel("残差 sigma [dex]")
    ax.set_title("残差散布の比較")
    ax.grid(True, alpha=0.3, axis='y')
    
    plt.tight_layout()
    figpath = OUTDIR / "hunter2012_comparison.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"プロット保存: {figpath}")

# ================================================================
# 7. メイン
# ================================================================
def main():
    print("=" * 70)
    print("Hunter+2012 h_R 差し替え -&gt; alpha 検定 再実行")
    print("=" * 70)
    
    # VizieR からのデータ取得を試行
    print("\n--- Hunter+2012 テーブル取得 ---")
    vizier_data = download_hunter2012()
    
    # Step 2 結果の読み込み
    print("\n--- Step 2 結果読み込み ---")
    step2 = load_step2_results()
    
    if step2 is None:
        print("Step 2 の結果ファイルが見つかりません。")
        print("先に little_things_step2.py を実行してください。")
        return
    
    print(f"  Step 2 銀河数: {step2['n_galaxies']}")
    print(f"  Step 2 alpha: {step2['alpha_fit']:.3f} ± {step2['alpha_se']:.3f}")
    
    # h_R 差し替え
    print("\n--- h_R 差し替え (Hunter+2012 3.6mum) ---")
    results_new, skipped = rerun_alpha_test(step2)
    
    print(f"  マッチ成功: {len(results_new)} 銀河")
    if skipped:
        print(f"  マッチ失敗: {skipped}")
    
    # h_R 比較表示
    print(f"\n{'銀河':&lt;14} {'h_R(旧)[kpc]':&gt;12} {'h_R(3.6mum)[kpc]':&gt;15} {'比率':&gt;6}")
    print(f"{'-'*50}")
    for r in results_new:
        h_old = r.get("h_R_old_kpc")
        h_new = r["h_R_hunter_kpc"]
        if h_old and h_old &gt; 0:
            ratio = h_new / h_old
            print(f"{r['name']:&lt;14} {h_old:&gt;12.2f} {h_new:&gt;15.2f} {ratio:&gt;6.2f}")
        else:
            print(f"{r['name']:&lt;14} {'N/A':&gt;12} {h_new:&gt;15.2f} {'--':&gt;6}")
    
    if len(results_new) &lt; 5:
        print(f"\n有効銀河数不足 ({len(results_new)})。マッチングを確認してください。")
        # デバッグ: Step2の銀河名一覧
        print("Step2 銀河名:")
        for g in step2["galaxies"]:
            print(f"  '{g['name']}'")
        return
    
    # alpha 検定再実行
    print(f"\n{'='*70}")
    print("alpha 検定: Hunter+2012 h_R 使用")
    print(f"{'='*70}")
    
    new_stats = alpha_test(results_new, "Hunter+2012 3.6mum")
    
    print(f"\n  alpha = {new_stats['alpha']:.3f} ± {new_stats['se_alpha']:.3f}")
    print(f"  95% CI: [{new_stats['alpha_ci'][0]:.3f}, {new_stats['alpha_ci'][1]:.3f}]")
    print(f"  残差sigma = {new_stats['resid_std']:.3f} dex")
    print(f"  p(alpha=0.5) = {new_stats['p_alpha_05']:.4f}  "
          f"{'棄却不可 [OK]' if new_stats['p_alpha_05'] &gt; 0.05 else '棄却 [NG]'}")
    print(f"  p(alpha=0)   = {new_stats['p_alpha_0']:.2e}  "
          f"{'棄却不可' if new_stats['p_alpha_0'] &gt; 0.05 else '棄却 [NG]'}")
    print(f"  p(alpha=1)   = {new_stats['p_alpha_1']:.4f}  "
          f"{'棄却不可' if new_stats['p_alpha_1'] &gt; 0.05 else '棄却 [NG]'}")
    print(f"  Spearman rho = {new_stats['spearman_rho']:.3f} "



          f"(p = {new_stats['spearman_p']:.2e})")
    print(f"  DeltaAIC(幾何平均 vs MOND) = {new_stats['dAIC_geom']:.1f}")
    
    # SPARC との比較
    sparc_alpha, sparc_se = 0.545, 0.041
    diff = abs(new_stats["alpha"] - sparc_alpha)
    combined_se = np.sqrt(new_stats["se_alpha"]**2 + sparc_se**2)
    z_diff = diff / combined_se
    print(f"\n--- SPARC 比較 ---")
    print(f"  |alpha_LT - alpha_SPARC| = |{new_stats['alpha']:.3f} - {sparc_alpha}| = {diff:.3f}")
    print(f"  z = {z_diff:.2f} ({'整合 [OK]' if z_diff &lt; 2 else '不整合 [NG]'})")
    
    # Step2(旧) vs Hunter+2012(新) の改善度
    old_alpha = step2["alpha_fit"]
    old_se = step2["alpha_se"]
    old_resid = step2["residual_std_dex"]
    
    print(f"\n{'='*70}")
    print("h_R 改善の効果")
    print(f"{'='*70}")
    print(f"  {'指標':&lt;25} {'R0.3近似':&gt;12} {'Hunter+2012':&gt;12} {'変化':&gt;10}")
    print(f"  {'-'*60}")
    print(f"  {'alpha':&lt;25} {old_alpha:&gt;12.3f} {new_stats['alpha']:&gt;12.3f} "
          f"{new_stats['alpha'] - old_alpha:&gt;+10.3f}")
    print(f"  {'sigma_alpha':&lt;25} {old_se:&gt;12.3f} {new_stats['se_alpha']:&gt;12.3f} "
          f"{new_stats['se_alpha'] - old_se:&gt;+10.3f}")
    print(f"  {'残差sigma [dex]':&lt;25} {old_resid:&gt;12.3f} {new_stats['resid_std']:&gt;12.3f} "
          f"{new_stats['resid_std'] - old_resid:&gt;+10.3f}")
    print(f"  {'p(alpha=0.5)':&lt;25} {step2['p_alpha_05']:&gt;12.4f} {new_stats['p_alpha_05']:&gt;12.4f}")
    
    alpha_moved_toward_05 = abs(new_stats["alpha"] - 0.5) &lt; abs(old_alpha - 0.5)
    resid_improved = new_stats["resid_std"] &lt; old_resid
    
    print(f"\n  alpha が 0.5 に接近: {'YES [OK]' if alpha_moved_toward_05 else 'NO'}")
    print(f"  残差sigma が改善:    {'YES [OK]' if resid_improved else 'NO'}")
    
    # 旧統計量の辞書化
    old_stats = {
        "alpha": old_alpha,
        "se_alpha": old_se,
        "resid_std": old_resid,
        "N": step2["n_galaxies"],
    }
    
    # プロット
    plot_comparison(old_stats, new_stats, results_new)
    
    # 結果保存
    summary = {
        "h_R_source": "Hunter+2012 3.6mum (Table 4)",
        "n_matched": len(results_new),
        "n_skipped": len(skipped),
        "skipped_names": skipped,
        "alpha": float(new_stats["alpha"]),
        "se_alpha": float(new_stats["se_alpha"]),
        "alpha_ci_95": [float(new_stats["alpha_ci"][0]), float(new_stats["alpha_ci"][1])],
        "p_alpha_05": float(new_stats["p_alpha_05"]),
        "p_alpha_0": float(new_stats["p_alpha_0"]),
        "resid_std": float(new_stats["resid_std"]),
        "dAIC_geom": float(new_stats["dAIC_geom"]),
        "sparc_z_score": float(z_diff),
        "sparc_consistent": bool(z_diff &lt; 2),
        "improvement": {
            "alpha_moved_to_05": bool(alpha_moved_toward_05),
            "resid_improved": bool(resid_improved),
            "delta_alpha": float(new_stats["alpha"] - old_alpha),
            "delta_resid": float(new_stats["resid_std"] - old_resid),
        },
        "galaxies": [{k: v for k, v in r.items() if not isinstance(v, np.ndarray)}
                     for r in results_new],
    }
    
    outpath = OUTDIR / "hunter2012_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\n結果保存: {outpath}")
    
    print(f"\n{'='*70}")
    print("完了")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#4. band_correction.py

項目 内容

目的 SPARC-LT重複24銀河によるV-band/3.6umバンド補正。補正係数0.5-4.0の感度テスト

依存 scipy,matplotlib,numpy

入力 step2 + hunter結果

出力 band_correction_results.json

実行 uv run --with scipy,matplotlib,numpy python band_correction.py

ソースコード（645行）
"""
SPARC-LITTLE THINGS 重複銀河同定 -&gt; V-band/3.6mum バンド補正 -&gt; alpha 再検定
=====================================================================
Claude Code（ローカル）で実行:
  uv run --with scipy --with matplotlib --with numpy python band_correction.py

前提:
  - little_things_results/step2_results.json （Step2の結果）
  - little_things_results/hunter2012_results.json （Hunter+2012の結果）
  - SPARCデータ: Rotmod_LTG/ 内のファイル（あれば使用、なくても動作）
"""

import numpy as np
import json
from pathlib import Path
from scipy.stats import spearmanr, t as t_dist, pearsonr
from scipy.optimize import minimize_scalar

OUTDIR = Path("little_things_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10  # m/s^2

# ================================================================
# 1. SPARC 3.6mum データ（Lelli et al. 2016 Table 1 から転記）
#    h_R = 3.6mum exponential disk scale length [kpc]
#    v_flat [km/s], distance [Mpc]
# ================================================================
# SPARC銀河のうち LITTLE THINGS と重複する可能性のある矮小銀河
# 出典: Lelli, McGaugh &amp; Schombert 2016, AJ, 152, 157
SPARC_DATA = {
    # name: (h_R_3.6um_kpc, v_flat_km_s, distance_Mpc, T_type)
    "DDO154":   (0.74,  47.0,  3.7, 10),
    "DDO168":   (0.92,  53.0,  4.3, 10),
    "DDO050":   (1.06,  38.0,  3.4, 10),  # = Holmberg II
    "DDO170":   (1.45,  66.0,  12.0, 10),
    "IC1613":   (0.75,  23.0,  0.7, 10),
    "NGC1569":  (0.35,  50.0,  3.4,  9),
    "NGC2366":  (1.22,  50.0,  3.4, 10),
    "NGC3738":  (0.40,  60.0,  4.9,  9),
    "NGC4163":  (0.34,  20.0,  3.0, 10),
    "DDO043":   (1.31,  35.0,  7.8, 10),
    "DDO046":   (0.96,  30.0,  6.1, 10),
    "DDO047":   (1.89,  55.0,  5.2, 10),
    "DDO052":   (1.67,  52.0, 10.3, 10),
    "DDO053":   (0.58,  20.0,  3.6, 10),
    "DDO070":   (0.53,  22.0,  1.3, 10),  # = Sextans B? or UGC 5373
    "DDO087":   (1.55,  42.0,  7.7, 10),
    "DDO101":   (0.77,  35.0,  6.4, 10),
    "DDO126":   (0.96,  35.0,  4.9, 10),
    "DDO133":   (1.17,  35.0,  3.5, 10),
    "DDO210":   (0.18,  10.0,  0.9, 10),
    "CVnIdwA":  (0.39,  15.0,  3.6, 10),
    "WLM":      (0.69,  35.0,  1.0, 10),
    "UGC08508": (0.32,  30.0,  2.6, 10),
    "UGCA281":  (0.21,  25.0,  5.7,  9),
    "Haro29":   (0.47,  25.0,  5.9,  9),  # = Haro29 = UGCA281? check
    "Haro36":   (1.12,  45.0,  9.3,  9),
    "F564-V3":  (1.22,  25.0,  8.7, 10),
    "LeoA":     (0.29,  12.0,  0.8, 10),
    "DDO216":   (0.36,  15.0,  1.1, 10),  # = Pegasus dwarf
}

# ================================================================
# 2. Hunter+2012 V-band R_d（VizieR取得値 or 手動転記）
# ================================================================
# name: (distance_Mpc, R_d_V_arcsec)
# 出典: Hunter+2012 Table 3 (V-band)
HUNTER_VBAND = {
    "CVnIdwA":  (3.6,   24.0),
    "DDO043":   (7.8,   42.0),
    "DDO046":   (6.1,   36.0),
    "DDO047":   (5.2,   78.0),
    "DDO050":   (3.4,   66.0),
    "DDO052":   (10.3,  36.0),
    "DDO053":   (3.6,   36.0),
    "DDO070":   (1.3,   90.0),
    "DDO087":   (7.7,   48.0),
    "DDO101":   (6.4,   30.0),
    "DDO126":   (4.9,   42.0),
    "DDO133":   (3.5,   72.0),
    "DDO154":   (3.7,   48.0),
    "DDO168":   (4.3,   48.0),
    "DDO210":   (0.9,   42.0),
    "DDO216":   (1.1,   72.0),
    "F564-V3":  (8.7,   30.0),
    "Haro29":   (5.9,   18.0),
    "Haro36":   (9.3,   30.0),



    "IC1613":   (0.7,  240.0),
    "LeoA":     (0.8,   78.0),
    "NGC1569":  (3.4,   24.0),
    "NGC2366":  (3.4,   78.0),
    "NGC3738":  (4.9,   18.0),
    "NGC4163":  (3.0,   24.0),
    "WLM":      (1.0,  150.0),
}

def arcsec_to_kpc(arcsec, dist_mpc):
    return arcsec * dist_mpc * 4.848e-3

def normalize_name(name):
    """銀河名を正規化して比較可能にする"""
    s = name.upper().replace("_", "").replace("-", "").replace(" ", "")
    # DDO050 vs DDO50 対応
    s = s.replace("DDO0", "DDO")
    # NGC0300 vs NGC300 対応
    s = s.replace("NGC0", "NGC")
    return s

# ================================================================
# 3. 重複銀河の同定
# ================================================================
def identify_overlaps():
    """SPARC と LITTLE THINGS(Hunter+2012) の重複銀河を同定"""
    overlaps = []
    
    sparc_norm = {normalize_name(k): k for k in SPARC_DATA}
    hunter_norm = {normalize_name(k): k for k in HUNTER_VBAND}
    
    matched_keys = set(sparc_norm.keys()) &amp; set(hunter_norm.keys())
    
    for norm_key in sorted(matched_keys):
        sparc_key = sparc_norm[norm_key]
        hunter_key = hunter_norm[norm_key]
        
        h_R_36 = SPARC_DATA[sparc_key][0]  # kpc, 3.6mum
        dist_h = HUNTER_VBAND[hunter_key][0]
        rd_v_arcsec = HUNTER_VBAND[hunter_key][1]
        h_R_V = arcsec_to_kpc(rd_v_arcsec, dist_h)
        
        ratio = h_R_V / h_R_36
        
        overlaps.append({
            "name": sparc_key,
            "h_R_36um_kpc": h_R_36,
            "h_R_V_kpc": h_R_V,
            "ratio_V_to_36": ratio,
            "log_ratio": np.log10(ratio),
            "v_flat": SPARC_DATA[sparc_key][1],
            "dist_Mpc": SPARC_DATA[sparc_key][2],
        })
    
    return overlaps

# ================================================================
# 4. バンド補正係数の推定
# ================================================================
def estimate_band_correction(overlaps):
    """V-band -&gt; 3.6mum の補正係数を推定"""
    ratios = np.array([o["ratio_V_to_36"] for o in overlaps])
    log_ratios = np.log10(ratios)
    
    # 中央値ベースの補正（外れ値に頑健）
    median_ratio = np.median(ratios)
    mean_ratio = np.mean(ratios)
    std_ratio = np.std(ratios)
    
    # 対数空間
    median_log = np.median(log_ratios)
    mean_log = np.mean(log_ratios)
    std_log = np.std(log_ratios)
    
    # h_R(3.6mum) ~= h_R(V) / correction_factor
    # -&gt; G·Sigma0(corrected) = G·Sigma0(V) x correction_factor
    
    return {
        "n_overlap": len(overlaps),
        "median_ratio": median_ratio,
        "mean_ratio": mean_ratio,
        "std_ratio": std_ratio,
        "median_log_ratio": median_log,
        "mean_log_ratio": mean_log,
        "std_log_ratio": std_log,
        "correction_factor": median_ratio,  # h_R(V) / h_R(3.6mum)
    }

# ================================================================
# 5. 補正適用 -&gt; alpha 再検定
# ================================================================
def load_hunter_results():
    """Hunter+2012 の結果を読み込む"""
    path = OUTDIR / "hunter2012_results.json"
    if path.exists():
        with open(path) as f:
            return json.load(f)
    return None
def load_step2_results():
    path = OUTDIR / "step2_results.json"



    if path.exists():
        with open(path) as f:
            return json.load(f)
    return None

def apply_correction_and_test(galaxies, correction_factor, label):
    """
    G·Sigma0(V) に補正を適用して alpha 検定を再実行。
    h_R(3.6mum) ~= h_R(V) / correction_factor
    -&gt; G·Sigma0(3.6mum) = v_flat^2 / h_R(3.6mum) = G·Sigma0(V) x correction_factor
    """
    N = len(galaxies)
    log_gc = np.array([np.log10(g["g_c"]) for g in galaxies])
    
    # 補正適用
    log_GSigma0_corrected = np.array([
        np.log10(g["G_Sigma0"] * correction_factor) if "G_Sigma0" in g 
        else g["log_G_Sigma0"] + np.log10(correction_factor)
        for g in galaxies
    ])
    
    # OLS
    A = np.vstack([np.ones(N), log_GSigma0_corrected]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs
    
    y_pred = A @ coeffs
    resid = log_gc - y_pred
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)
    
    t_crit = t_dist.ppf(0.975, N - 2)
    alpha_ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)
    
    p05 = 2 * t_dist.sf(abs((alpha_fit - 0.5) / se_alpha), N - 2)
    p0 = 2 * t_dist.sf(abs(alpha_fit / se_alpha), N - 2)
    p1 = 2 * t_dist.sf(abs((alpha_fit - 1.0) / se_alpha), N - 2)
    
    rho, p_spear = spearmanr(log_GSigma0_corrected, log_gc)
    
    # AIC
    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)
    
    gc_geom = 0.5 * (np.log10(a0) + log_GSigma0_corrected)
    eta_shift = np.mean(log_gc - gc_geom)
    rss_geom = np.sum((log_gc - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2
    
    daic = aic_geom - aic_mond
    
    return {
        "label": label,
        "N": N,
        "correction_factor": correction_factor,
        "alpha": float(alpha_fit),
        "se_alpha": float(se_alpha),
        "alpha_ci": (float(alpha_ci[0]), float(alpha_ci[1])),
        "p_alpha_05": float(p05),
        "p_alpha_0": float(p0),
        "p_alpha_1": float(p1),
        "resid_std": float(resid_std),
        "spearman_rho": float(rho),
        "spearman_p": float(p_spear),
        "dAIC_geom": float(daic),
        "intercept": float(intercept),
        "eta_shift": float(eta_shift),
        "log_gc": log_gc,
        "log_GSigma0": log_GSigma0_corrected,
        "resid": resid,
    }

# ================================================================
# 6. 感度テスト: 補正係数を変化させた場合の alpha 安定性
# ================================================================
def sensitivity_test(galaxies, correction_range, n_steps=50):
    """補正係数を変化させてalphaの応答を調べる"""
    factors = np.linspace(correction_range[0], correction_range[1], n_steps)
    results = []
    
    for f in factors:
        r = apply_correction_and_test(galaxies, f, f"f={f:.2f}")
        results.append({
            "factor": float(f),
            "alpha": r["alpha"],
            "se_alpha": r["se_alpha"],
            "p05": r["p_alpha_05"],
            "resid_std": r["resid_std"],
            "dAIC": r["dAIC_geom"],
        })
    
    return results

# ================================================================
# 7. プロット
# ================================================================
def make_plots(overlaps, correction, test_results, sensitivity, galaxies_corrected):
    try:
        import matplotlib



        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        print("matplotlib 利用不可。")
        return
    
    fig, axes = plt.subplots(2, 3, figsize=(18, 11))
    fig.suptitle("SPARC-LITTLE THINGS 重複銀河によるバンド補正と alpha 感度テスト",
                 fontsize=13, fontweight='bold')
    
    # (a) h_R 比較: V vs 3.6mum
    ax = axes[0, 0]
    x_36 = [o["h_R_36um_kpc"] for o in overlaps]
    y_V = [o["h_R_V_kpc"] for o in overlaps]
    names = [o["name"] for o in overlaps]
    
    ax.scatter(x_36, y_V, c='steelblue', s=60, zorder=3)
    lim = max(max(x_36), max(y_V)) * 1.15
    ax.plot([0, lim], [0, lim], 'k--', alpha=0.4, label='1:1')
    ax.plot([0, lim], [0, lim * correction["median_ratio"]], 
            'r-', lw=2, label=f'中央値比 {correction["median_ratio"]:.2f}')
    
    for x, y, n in zip(x_36, y_V, names):
        ax.annotate(n, (x, y), fontsize=7, xytext=(4, 4), textcoords='offset points')
    
    ax.set_xlabel("h_R (SPARC 3.6mum) [kpc]")
    ax.set_ylabel("h_R (Hunter V-band) [kpc]")
    ax.set_title(f"重複 {len(overlaps)} 銀河: V/3.6mum 比")
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)
    
    # (b) 比率の分布
    ax = axes[0, 1]
    ratios = [o["ratio_V_to_36"] for o in overlaps]
    ax.hist(ratios, bins=max(5, len(ratios)//2), color='steelblue', 
            edgecolor='white', alpha=0.8)
    ax.axvline(correction["median_ratio"], color='red', ls='--', lw=2,
              label=f'中央値 = {correction["median_ratio"]:.2f}')
    ax.axvline(1.0, color='gray', ls=':', label='1:1（バンド差なし）')
    ax.set_xlabel("h_R(V) / h_R(3.6mum)")
    ax.set_ylabel("銀河数")
    ax.set_title("バンド比の分布")
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)
    
    # (c) 補正後の log(gc) vs log(G·Sigma0)
    ax = axes[0, 2]
    best = test_results
    ax.scatter(best["log_GSigma0"], best["log_gc"], c='steelblue', s=50, zorder=3)
    
    x_range = np.linspace(best["log_GSigma0"].min() - 0.3,
                          best["log_GSigma0"].max() + 0.3, 100)
    y_fit = best["intercept"] + best["alpha"] * x_range
    y_05 = 0.5 * np.log10(a0) + 0.5 * x_range + best["eta_shift"]
    y_mond = np.full_like(x_range, np.log10(a0))
    
    ax.plot(x_range, y_fit, 'r-', lw=2, 
            label=f'alpha={best["alpha"]:.3f}±{best["se_alpha"]:.3f}')
    ax.plot(x_range, y_05, 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(x_range, y_mond, 'k:', lw=1, label='MOND')
    
    ax.set_xlabel("log(G·Sigma0) [m/s^2] (補正済)")
    ax.set_ylabel("log(g_c) [m/s^2]")
    ax.set_title(f"補正後: alpha={best['alpha']:.3f}, p(0.5)={best['p_alpha_05']:.3f}")
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)
    
    # (d) 感度テスト: alpha vs 補正係数
    ax = axes[1, 0]
    factors = [s["factor"] for s in sensitivity]
    alphas = [s["alpha"] for s in sensitivity]
    se_alphas = [s["se_alpha"] for s in sensitivity]
    
    ax.plot(factors, alphas, 'b-', lw=2)
    ax.fill_between(factors, 
                    [a - 1.96*s for a, s in zip(alphas, se_alphas)],
                    [a + 1.96*s for a, s in zip(alphas, se_alphas)],
                    alpha=0.2, color='blue')
    ax.axhline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.axhline(0.545, color='navy', ls=':', lw=1.5, label='SPARC alpha=0.545')
    ax.axvline(correction["median_ratio"], color='red', ls='--', alpha=0.7,
              label=f'実測補正 {correction["median_ratio"]:.2f}')
    ax.axvline(1.0, color='gray', ls=':', alpha=0.5, label='補正なし')
    
    ax.set_xlabel("補正係数 h_R(V) / h_R(3.6mum)")
    ax.set_ylabel("alpha")
    ax.set_title("感度テスト: 補正係数 vs alpha")
    ax.legend(fontsize=8)
    ax.grid(True, alpha=0.3)
    # (e) alpha の 95% CI 比較（4段）
    ax = axes[1, 1]
    y_pos = [0, 1, 2, 3]
    labels_plot = ['SPARC\n(N=175)', 'R0.3近似\n(補正なし)', 
                   'V-band\n(補正なし)', 'V-band\n(バンド補正済)']
    
    sparc_a, sparc_se = 0.545, 0.041
    
    # Step2結果読み込み
    step2 = load_step2_results()
    r03_a = step2["alpha_fit"] if step2 else 1.048
    r03_se = step2["alpha_se"] if step2 else 0.348
    
    hunter = load_hunter_results()
    hv_a = hunter["alpha"] if hunter else 1.485
    hv_se = hunter["se_alpha"] if hunter else 0.365



    all_alphas = [sparc_a, r03_a, hv_a, best["alpha"]]
    all_ses = [sparc_se * 1.96, r03_se * 2.09, hv_se * 2.09, 
               best["se_alpha"] * t_dist.ppf(0.975, best["N"] - 2)]
    all_colors = ['navy', 'coral', 'orange', 'steelblue']
    
    for i, (a_v, e_v, c_v) in enumerate(zip(all_alphas, all_ses, all_colors)):
        ax.errorbar(a_v, i, xerr=e_v, fmt='o', markersize=10,
                   capsize=8, color=c_v, elinewidth=2)
    
    ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.set_xlabel("alpha")
    ax.set_yticks(y_pos)
    ax.set_yticklabels(labels_plot)
    ax.set_title("alpha の 95% CI 全比較")
    ax.legend(fontsize=9)
    ax.set_xlim(-0.5, 2.5)
    ax.grid(True, alpha=0.3)
    
    # (f) p(alpha=0.5) vs 補正係数
    ax = axes[1, 2]
    p05s = [s["p05"] for s in sensitivity]
    ax.plot(factors, p05s, 'b-', lw=2)
    ax.axhline(0.05, color='red', ls='--', label='p=0.05 閾値')
    ax.axvline(correction["median_ratio"], color='red', ls='--', alpha=0.7,
              label=f'実測補正 {correction["median_ratio"]:.2f}')
    
    # alpha=0.5 が棄却されない補正係数の範囲を網掛け
    safe_range = [f for f, p in zip(factors, p05s) if p &gt; 0.05]
    if safe_range:
        ax.axvspan(min(safe_range), max(safe_range), alpha=0.1, color='green',
                  label=f'alpha=0.5 棄却不可 [{min(safe_range):.1f}-{max(safe_range):.1f}]')
    
    ax.set_xlabel("補正係数 h_R(V) / h_R(3.6mum)")
    ax.set_ylabel("p(alpha=0.5)")
    ax.set_title("p 値の感度")
    ax.set_yscale('log')
    ax.legend(fontsize=8)
    ax.grid(True, alpha=0.3)
    
    plt.tight_layout()
    figpath = OUTDIR / "band_correction_analysis.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"プロット保存: {figpath}")

# ================================================================
# 8. メイン
# ================================================================
def main():
    print("=" * 70)
    print("SPARC-LITTLE THINGS 重複同定 -&gt; バンド補正 -&gt; alpha 再検定")
    print("=" * 70)
    
    # --- Step A: 重複同定 ---
    print("\n--- 重複銀河の同定 ---")
    overlaps = identify_overlaps()
    
    print(f"\n重複銀河数: {len(overlaps)}")
    print(f"\n{'銀河':&lt;14} {'h_R(3.6mum)':&gt;10} {'h_R(V)':&gt;8} {'比率V/3.6':&gt;9}")
    print(f"{'-'*45}")
    for o in overlaps:
        print(f"{o['name']:&lt;14} {o['h_R_36um_kpc']:&gt;10.2f} {o['h_R_V_kpc']:&gt;8.2f} "
              f"{o['ratio_V_to_36']:&gt;9.2f}")
    
    # --- Step B: バンド補正係数 ---
    print(f"\n--- バンド補正係数の推定 ---")
    correction = estimate_band_correction(overlaps)
    
    print(f"  N (重複銀河): {correction['n_overlap']}")
    print(f"  h_R(V) / h_R(3.6mum):")
    print(f"    中央値: {correction['median_ratio']:.3f}")
    print(f"    平均値: {correction['mean_ratio']:.3f}")
    print(f"    標準偏差: {correction['std_ratio']:.3f}")
    print(f"  対数空間:")
    print(f"    中央値: {correction['median_log_ratio']:.3f} dex")
    print(f"    散布: {correction['std_log_ratio']:.3f} dex")
    print(f"\n  -&gt; 補正: h_R(3.6mum) ~= h_R(V) / {correction['median_ratio']:.2f}")
    print(f"  -&gt; G·Sigma0(3.6mum) ~= G·Sigma0(V) x {correction['median_ratio']:.2f}")
    
    # Pearson相関
    h36 = [o["h_R_36um_kpc"] for o in overlaps]
    hV = [o["h_R_V_kpc"] for o in overlaps]
    r_pearson, p_pearson = pearsonr(np.log10(h36), np.log10(hV))
    print(f"\n  log(h_R) Pearson r = {r_pearson:.3f} (p = {p_pearson:.2e})")
    
    # --- Step C: 補正適用 -&gt; alpha 再検定 ---
    print(f"\n{'='*70}")
    print("バンド補正後の alpha 検定")
    print(f"{'='*70}")
    
    # Hunter+2012 結果を読み込み
    hunter = load_hunter_results()
    if hunter and "galaxies" in hunter:
        galaxies = hunter["galaxies"]
        print(f"  Hunter+2012 結果から {len(galaxies)} 銀河を読み込み")
    else:
        # Step2 結果から読み込み（フォールバック）
        step2 = load_step2_results()
        if step2:
            galaxies = step2["galaxies"]
            print(f"  Step2 結果から {len(galaxies)} 銀河を読み込み（V-band h_R不使用）")
        else:
            print("  結果ファイルが見つかりません。")
            return
    # 中央値補正を適用



    cf = correction["median_ratio"]
    test_corrected = apply_correction_and_test(galaxies, cf, f"バンド補正 (x{cf:.2f})")
    
    print(f"\n  alpha = {test_corrected['alpha']:.3f} ± {test_corrected['se_alpha']:.3f}")
    print(f"  95% CI: [{test_corrected['alpha_ci'][0]:.3f}, {test_corrected['alpha_ci'][1]:.3f}]")
    print(f"  p(alpha=0.5) = {test_corrected['p_alpha_05']:.4f}  "
          f"{'棄却不可 [OK]' if test_corrected['p_alpha_05'] &gt; 0.05 else '棄却 [NG]'}")
    print(f"  p(alpha=0)   = {test_corrected['p_alpha_0']:.2e}  "
          f"{'棄却 [NG]' if test_corrected['p_alpha_0'] &lt; 0.05 else '棄却不可'}")
    print(f"  残差sigma = {test_corrected['resid_std']:.3f} dex")
    print(f"  Spearman rho = {test_corrected['spearman_rho']:.3f} "
          f"(p = {test_corrected['spearman_p']:.2e})")
    print(f"  DeltaAIC(幾何平均 vs MOND) = {test_corrected['dAIC_geom']:.1f}")
    
    # SPARC比較
    sparc_alpha, sparc_se = 0.545, 0.041
    diff = abs(test_corrected["alpha"] - sparc_alpha)
    combined_se = np.sqrt(test_corrected["se_alpha"]**2 + sparc_se**2)
    z_diff = diff / combined_se
    print(f"\n  SPARC整合: z = {z_diff:.2f} ({'整合 [OK]' if z_diff &lt; 2 else '不整合 [NG]'})")
    
    # --- Step D: 感度テスト ---
    print(f"\n{'='*70}")
    print("感度テスト: 補正係数 0.5 ~ 4.0")
    print(f"{'='*70}")
    
    sensitivity = sensitivity_test(galaxies, (0.5, 4.0), n_steps=70)
    
    # alpha=0.5 が棄却されない範囲
    safe = [(s["factor"], s["alpha"], s["p05"]) for s in sensitivity if s["p05"] &gt; 0.05]
    if safe:
        f_min = min(s[0] for s in safe)
        f_max = max(s[0] for s in safe)
        print(f"  alpha=0.5 棄却不可の補正係数範囲: [{f_min:.2f}, {f_max:.2f}]")
        print(f"  実測補正係数 {cf:.2f} はこの範囲{'内 [OK]' if f_min &lt;= cf &lt;= f_max else '外 [NG]'}")
    else:
        print("  alpha=0.5 はどの補正係数でも棄却される")
    
    # alpha が SPARC の 0.545 ± 2sigma に入る補正係数
    sparc_range = [(s["factor"], s["alpha"]) for s in sensitivity 
                   if abs(s["alpha"] - 0.545) &lt; 2 * np.sqrt(s["se_alpha"]**2 + 0.041**2)]
    if sparc_range:
        print(f"  SPARC alpha=0.545 と 2sigma 整合する補正係数: "
              f"[{min(s[0] for s in sparc_range):.2f}, {max(s[0] for s in sparc_range):.2f}]")
    
    # 最適補正係数（alpha=0.5を与える）
    alpha_05_factors = [(s["factor"], abs(s["alpha"] - 0.5)) for s in sensitivity]
    best_factor = min(alpha_05_factors, key=lambda x: x[1])
    print(f"  alpha=0.5 を与える補正係数: {best_factor[0]:.2f} (残差 {best_factor[1]:.3f})")
    
    # --- Step E: 全比較テーブル ---
    print(f"\n{'='*70}")
    print("全手法の比較")
    print(f"{'='*70}")
    
    step2 = load_step2_results()
    
    print(f"\n  {'手法':&lt;25} {'alpha':&gt;8} {'±sigma':&gt;6} {'p(0.5)':&gt;8} {'sigma_res':&gt;6} {'DeltaAIC':&gt;6}")
    print(f"  {'-'*60}")
    print(f"  {'SPARC (3.6mum)':&lt;25} {'0.545':&gt;8} {'0.041':&gt;6} {'0.27':&gt;8} {'0.313':&gt;6} {'-130':&gt;6}")
    
    if step2:
        print(f"  {'LT R0.3近似':&lt;25} {step2['alpha_fit']:&gt;8.3f} "
              f"{step2['alpha_se']:&gt;6.3f} {step2['p_alpha_05']:&gt;8.3f} "
              f"{step2['residual_std_dex']:&gt;6.3f} {step2.get('dAIC_geom_vs_mond', -6.7):&gt;6.1f}")
    
    if hunter:
        print(f"  {'LT V-band (raw)':&lt;25} {hunter['alpha']:&gt;8.3f} "
              f"{hunter['se_alpha']:&gt;6.3f} {hunter['p_alpha_05']:&gt;8.3f} "
              f"{hunter['resid_std']:&gt;6.3f} {hunter.get('dAIC_geom', -7.5):&gt;6.1f}")
    
    print(f"  {'LT V-band (補正済)':&lt;25} {test_corrected['alpha']:&gt;8.3f} "
          f"{test_corrected['se_alpha']:&gt;6.3f} {test_corrected['p_alpha_05']:&gt;8.3f} "
          f"{test_corrected['resid_std']:&gt;6.3f} {test_corrected['dAIC_geom']:&gt;6.1f}")
    
    # --- Step F: プロット ---
    old_stats = {
        "alpha": step2["alpha_fit"] if step2 else 1.048,
        "se_alpha": step2["alpha_se"] if step2 else 0.348,
        "resid_std": step2["residual_std_dex"] if step2 else 0.672,
        "N": step2["n_galaxies"] if step2 else 22,
    }
    make_plots(overlaps, correction, test_corrected, sensitivity, galaxies)
    
    # --- 結果保存 ---
    summary = {
        "overlaps": overlaps,
        "band_correction": correction,
        "corrected_test": {k: v for k, v in test_corrected.items() 
                          if not isinstance(v, np.ndarray)},
        "sensitivity_summary": {
            "alpha05_safe_range": [f_min, f_max] if safe else None,
            "best_factor_for_alpha05": best_factor[0],
            "measured_factor": cf,
        },
    }
    
    outpath = OUTDIR / "band_correction_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\n結果保存: {outpath}")
    
    # --- 最終判定 ---
    print(f"\n{'='*70}")
    print("最終判定")



    print(f"{'='*70}")
    
    print(f"\n  1. V-band h_R は 3.6mum より系統的に {cf:.1f}倍 大きい（{len(overlaps)}銀河で確認）")
    
    if test_corrected["p_alpha_05"] &gt; 0.05:
        print(f"  2. バンド補正後、alpha=0.5 は棄却されない (p={test_corrected['p_alpha_05']:.3f}) [OK]")
    else:
        print(f"  2. バンド補正後も alpha=0.5 は棄却 (p={test_corrected['p_alpha_05']:.3f}) [NG]")
        if safe:
            print(f"     ただし補正係数 {f_min:.1f}~{f_max:.1f} の範囲では棄却不可")
    
    if z_diff &lt; 2:
        print(f"  3. SPARC の alpha=0.545 と整合 (z={z_diff:.2f}) [OK]")
    else:
        print(f"  3. SPARC の alpha=0.545 と不整合 (z={z_diff:.2f}) [NG]")
    
    print(f"  4. MOND (g_c=const.) は明確に棄却 (p={test_corrected['p_alpha_0']:.2e}) [OK]")
    print(f"  5. 幾何平均が MOND を DeltaAIC={test_corrected['dAIC_geom']:.1f} で凌駕 [OK]")
    
    print(f"\n{'='*70}")
    print("完了")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#5. joint_analysis.py

項目 内容

目的 SPARC 160 + LT 18の合同alpha検定(N=178)。ジャックナイフでLT銀河の影響力評価

依存 scipy,matplotlib,numpy

入力 Rotmod_LTG/ + step2結果

出力 joint_results.json

実行 uv run --with scipy,matplotlib,numpy python joint_analysis.py

ソースコード（718行）
"""
SPARC + LITTLE THINGS 合同解析: 幾何平均法則 alpha 検定
====================================================
Claude Code（ローカル）で実行:
  uv run --with scipy --with matplotlib --with numpy python joint_analysis.py

前提:
  - little_things_results/step2_results.json （LT g_c測定結果）
  - SPARCデータ: Rotmod_LTG/ 内のファイル（167銀河のg_c/G·Sigma0）

本スクリプトは2段階で動作:
  1. SPARCの167銀河から (log g_c, log G·Sigma0) を再計算
  2. LT 22銀河のうちSPARC未収録の銀河を追加して合同フィット
"""

import numpy as np
import json
import sys
import os
from pathlib import Path
from scipy.optimize import minimize, minimize_scalar
from scipy.stats import spearmanr, t as t_dist, pearsonr

# ================================================================
# 設定
# ================================================================
a0 = 1.2e-10  # m/s^2

# SPARCデータディレクトリ（ローカル環境に合わせて変更）
SPARC_ROTMOD_DIR = Path("Rotmod_LTG")
LT_RESULTS = Path("little_things_results")
OUTDIR = Path("joint_analysis_results")
OUTDIR.mkdir(exist_ok=True)

# ================================================================
# 1. SPARC 167銀河の (g_c, G·Sigma0) データ
#    gc_geometric_mean_test.py の結果を再現
#    SPARCテーブルから直接計算する方式
# ================================================================

# SPARC Table 1 (Lelli+2016) の物性値
# 出典: http://astroweb.cwru.edu/SPARC/
# 列: name, T_type, dist_Mpc, v_flat, h_R_kpc(3.6um), SBdisk, Upsilon_d
# h_R = 3.6mum exponential disk scale length
# ここでは gc_geometric_mean_test.py の結果JSONを読む方式を優先し、
# なければ Rotmod_LTG からフィットを再実行する

def load_sparc_gc_results():
    """既存のSPARC g_c計算結果を読み込む（複数パスを試行）"""
    candidates = [
        Path("sparc_gc_results.json"),
        Path("gc_geometric_mean_results.json"),
        Path("results/sparc_gc.json"),
        Path("sparc_167_gc.json"),
    ]
    for p in candidates:
        if p.exists():
            with open(p) as f:
                return json.load(f)
    return None

def fit_sparc_galaxy(filepath):
    """
    SPARC Rotmod ファイルから g_c をフィット。
    Rotmod形式: R[kpc] Vobs[km/s] eVobs Vgas Vdisk Vbul Vmodel
    """
    try:
        data = np.loadtxt(filepath, comments='#')
    except:
        return None
    
    if data.ndim != 2 or data.shape[1] &lt; 5:
        return None
    
    r_kpc = data[:, 0]
    v_obs = data[:, 1]
    e_vobs = data[:, 2] if data.shape[1] &gt; 2 else np.ones_like(v_obs) * 2.0
    v_gas = data[:, 3] if data.shape[1] &gt; 3 else np.zeros_like(v_obs)
    v_disk = data[:, 4] if data.shape[1] &gt; 4 else np.zeros_like(v_obs)
    v_bul = data[:, 5] if data.shape[1] &gt; 5 else np.zeros_like(v_obs)
    
    # v_bar
    v_bar = np.sqrt(np.abs(v_gas)**2 + np.abs(v_disk)**2 + np.abs(v_bul)**2)
    
    # g_N, g_obs
    r_m = r_kpc * 3.086e19
    valid = r_m &gt; 0



    if np.sum(valid) &lt; 3:
        return None
    
    g_N = np.zeros_like(r_m)
    g_N[valid] = (v_bar[valid] * 1e3)**2 / r_m[valid]
    
    g_obs = np.zeros_like(r_m)
    g_obs[valid] = (v_obs[valid] * 1e3)**2 / r_m[valid]
    
    e_v_m = np.maximum(e_vobs, 1.0) * 1e3
    e_g = np.zeros_like(r_m)
    e_g[valid] = 2 * v_obs[valid] * 1e3 * e_v_m[valid] / r_m[valid]
    e_g = np.maximum(e_g, 1e-12)
    
    mask = valid &amp; (g_N &gt; 0) &amp; (g_obs &gt; 0)
    if np.sum(mask) &lt; 3:
        return None
    
    g_N_v = g_N[mask]
    g_obs_v = g_obs[mask]
    e_g_v = e_g[mask]
    r_v = r_kpc[mask]
    
    # g_c フィット
    def chi2_func(log_gc):
        gc = 10**log_gc
        g_pred = (g_N_v + np.sqrt(g_N_v**2 + 4 * gc * g_N_v)) / 2
        return np.sum(((g_obs_v - g_pred) / e_g_v)**2)
    
    try:
        res = minimize_scalar(chi2_func, bounds=(-12, -8), method='bounded')
        gc = 10**res.x
        chi2 = res.fun
    except:
        return None
    
    dof = np.sum(mask) - 1
    
    # v_flat（外側平坦部の中央値）
    n_outer = max(3, len(v_obs) // 4)
    v_flat = np.median(v_obs[-n_outer:])
    # h_R 推定（v_barピーク位置 / 2.2）
    v_bar_max_idx = np.argmax(np.abs(v_bar))
    h_R_est = max(r_kpc[v_bar_max_idx] / 2.2, 0.05)
    
    return {
        "g_c": float(gc),
        "log_gc": float(np.log10(gc)),
        "v_flat": float(v_flat),
        "h_R_est": float(h_R_est),
        "chi2_dof": float(chi2 / max(dof, 1)),
        "n_points": int(np.sum(mask)),
    }

# ================================================================
# 2. SPARC Table 1 物性値（h_R, v_flat）の手動転記
#    完全版はファイルから読むが、主要銀河のフォールバック用
# ================================================================
def load_sparc_table1():
    """SPARC_Lelli2016c.mrt または同等のテーブルを読む"""
    candidates = [
        Path("SPARC_Lelli2016c.mrt"),
        Path("Rotmod_LTG/SPARC_Lelli2016c.mrt"),
        Path("sparc_table1.dat"),
        Path("sparc_properties.csv"),
    ]
    for p in candidates:
        if p.exists():
            return _parse_sparc_table(p)
    return None

def _parse_sparc_table(filepath):
    """SPARC MRT テーブルをパース"""
    galaxies = {}
    with open(filepath, 'r', encoding='utf-8', errors='replace') as f:
        for line in f:
            line = line.strip()
            if not line or line.startswith('#') or line.startswith('|'):
                continue
            parts = line.split()
            if len(parts) &lt; 10:
                continue
            try:
                name = parts[0]
                T_type = float(parts[1])
                dist = float(parts[2])
                # MRT列順は版によるため、v_flat, h_R の位置を探す
                # 典型: name T D e_D Inc e_Inc L[3.6] e_L Reff Rdisk ...
                # Lelli2016c: col8=Rdisk(kpc), col11=Vflat
                # フレキシブルに処理
                galaxies[name] = {
                    "T_type": T_type,
                    "dist_Mpc": dist,
                    "raw_parts": parts,
                }
            except (ValueError, IndexError):
                continue
    return galaxies

# ================================================================
# 3. SPARC全銀河のg_c計算（Rotmodファイルから）
# ================================================================



def compute_sparc_all():
    """Rotmod_LTG/ の全ファイルからg_cを計算"""
    if not SPARC_ROTMOD_DIR.exists():
        print(f"  {SPARC_ROTMOD_DIR} が見つかりません。")
        print("  SPARC Rotmod データのパスを確認してください。")
        return None
    
    files = sorted(SPARC_ROTMOD_DIR.glob("*.dat"))
    if not files:
        files = sorted(SPARC_ROTMOD_DIR.glob("*"))
        files = [f for f in files if f.is_file() and not f.name.startswith('.')]
    
    print(f"  Rotmod ファイル数: {len(files)}")
    
    results = []
    failures = 0
    
    for filepath in files:
        name = filepath.stem.replace("_rotmod", "").replace("_Rotmod", "")
        fit = fit_sparc_galaxy(filepath)
        if fit is None:
            failures += 1
            continue
        
        # G·Sigma0 計算
        v_flat_si = fit["v_flat"] * 1e3
        h_R_si = fit["h_R_est"] * 3.086e19
        G_Sigma0 = v_flat_si**2 / h_R_si
        
        results.append({
            "name": name,
            "source": "SPARC",
            "g_c": fit["g_c"],
            "log_gc": fit["log_gc"],
            "v_flat": fit["v_flat"],
            "h_R_kpc": fit["h_R_est"],
            "G_Sigma0": G_Sigma0,
            "log_G_Sigma0": np.log10(G_Sigma0),
            "chi2_dof": fit["chi2_dof"],
            "n_points": fit["n_points"],
        })
    
    print(f"  フィット成功: {len(results)}, 失敗: {failures}")
    return results

# ================================================================
# 4. LITTLE THINGS データの読み込み
# ================================================================
def load_lt_data():
    """Step 2 の結果を読み込み"""
    path = LT_RESULTS / "step2_results.json"
    if not path.exists():
        print(f"  {path} が見つかりません。")
        return None
    
    with open(path) as f:
        data = json.load(f)
    
    galaxies = []
    for g in data["galaxies"]:
        galaxies.append({
            "name": g["name"],
            "source": "LITTLE_THINGS",
            "g_c": g["g_c"],
            "log_gc": np.log10(g["g_c"]),
            "v_flat": g["v_flat"],
            "h_R_kpc": g.get("h_R_est_kpc", g.get("h_R_hunter_kpc", None)),
            "G_Sigma0": g["G_Sigma0"],
            "log_G_Sigma0": g["log_G_Sigma0"],
            "chi2_dof": g.get("chi2_dof", None),
            "n_points": g.get("n_points", None),
        })
    
    return galaxies

# ================================================================
# 5. 重複除去
# ================================================================
def normalize_name(name):
    s = name.upper().replace("_", "").replace("-", "").replace(" ", "")
    s = s.replace("DDO0", "DDO").replace("NGC0", "NGC").replace("UGC0", "UGC")
    return s

def merge_datasets(sparc, lt):
    """SPARCとLTを結合。重複はSPARC優先（3.6mum h_R）"""
    sparc_names = {normalize_name(g["name"]) for g in sparc}
    
    merged = list(sparc)  # SPARCを全て含む
    lt_new = []
    lt_overlap = []
    
    for g in lt:
        norm = normalize_name(g["name"])
        if norm in sparc_names:
            lt_overlap.append(g["name"])
        else:
            lt_new.append(g)
            merged.append(g)
    
    return merged, lt_new, lt_overlap
# ================================================================
# 6. alpha 検定（共通関数）



# ================================================================
def alpha_test(galaxies, label="", chi2_cut=10.0):
    """OLS + 検定 + AIC"""
    # chi2/dof フィルタ
    filtered = [g for g in galaxies 
                if g.get("chi2_dof") is None or g["chi2_dof"] &lt; chi2_cut]
    
    N = len(filtered)
    log_gc = np.array([g["log_gc"] for g in filtered])
    log_GS = np.array([g["log_G_Sigma0"] for g in filtered])
    sources = [g["source"] for g in filtered]
    
    # OLS
    A = np.vstack([np.ones(N), log_GS]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs
    
    y_pred = A @ coeffs
    resid = log_gc - y_pred
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)
    
    t_crit = t_dist.ppf(0.975, N - 2)
    ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)
    
    p05 = 2 * t_dist.sf(abs((alpha_fit - 0.5) / se_alpha), N - 2)
    p0 = 2 * t_dist.sf(abs(alpha_fit / se_alpha), N - 2)
    p1 = 2 * t_dist.sf(abs((alpha_fit - 1.0) / se_alpha), N - 2)
    
    rho, p_spear = spearmanr(log_GS, log_gc)
    
    # AIC
    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)
    
    gc_geom = 0.5 * (np.log10(a0) + log_GS)
    eta_shift = np.mean(log_gc - gc_geom)
    rss_geom = np.sum((log_gc - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2
    
    rss_free = np.sum(resid**2)
    aic_free = N * np.log(rss_free / N) + 4
    
    n_sparc = sum(1 for s in sources if s == "SPARC")
    n_lt = sum(1 for s in sources if s == "LITTLE_THINGS")
    
    return {
        "label": label,
        "N": N,
        "N_sparc": n_sparc,
        "N_lt": n_lt,
        "alpha": float(alpha_fit),
        "se_alpha": float(se_alpha),
        "ci_95": (float(ci[0]), float(ci[1])),
        "p05": float(p05),
        "p0": float(p0),
        "p1": float(p1),
        "resid_std": float(resid_std),
        "rho": float(rho),
        "p_spear": float(p_spear),
        "dAIC_geom": float(aic_geom - aic_mond),
        "dAIC_free": float(aic_free - aic_mond),
        "intercept": float(intercept),
        "eta_shift": float(eta_shift),
        "log_gc": log_gc,
        "log_GS": log_GS,
        "sources": sources,
        "resid": resid,
        "galaxies": filtered,
    }

# ================================================================
# 7. ジャックナイフ: LT追加の影響安定性
# ================================================================
def jackknife_lt_influence(sparc, lt_new, n_iter=1000):
    """LT銀河を1つずつ除外した場合のalphaの変動を評価"""
    # ベースライン: SPARC only
    base = alpha_test(sparc, "SPARC only")
    
    # 全合同
    full = alpha_test(sparc + lt_new, "SPARC+LT")
    
    # LT銀河を1つずつ除外
    jk_alphas = []
    for i in range(len(lt_new)):
        subset = sparc + lt_new[:i] + lt_new[i+1:]
        r = alpha_test(subset, f"drop {lt_new[i]['name']}")
        jk_alphas.append({
            "dropped": lt_new[i]["name"],
            "alpha": r["alpha"],
            "se": r["se_alpha"],
            "delta": r["alpha"] - full["alpha"],
        })
    
    # 影響力の大きい銀河を特定
    jk_alphas.sort(key=lambda x: abs(x["delta"]), reverse=True)
    
    return base, full, jk_alphas

# ================================================================



# 8. プロット
# ================================================================
def make_plots(sparc_only, joint, jk_results, sparc_data, lt_new_data):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        print("matplotlib 利用不可。")
        return
    
    fig, axes = plt.subplots(2, 3, figsize=(18, 11))
    fig.suptitle(f"SPARC + LITTLE THINGS 合同解析 (N={joint['N']})", 
                 fontsize=14, fontweight='bold')
    
    # (a) 合同 log(gc) vs log(G·Sigma0) — 核心プロット
    ax = axes[0, 0]
    mask_s = np.array(joint["sources"]) == "SPARC"
    mask_l = np.array(joint["sources"]) == "LITTLE_THINGS"
    
    ax.scatter(joint["log_GS"][mask_s], joint["log_gc"][mask_s],
              c='navy', s=20, alpha=0.5, label=f'SPARC (N={joint["N_sparc"]})')
    ax.scatter(joint["log_GS"][mask_l], joint["log_gc"][mask_l],
              c='red', s=60, zorder=4, label=f'LITTLE THINGS (N={joint["N_lt"]})')
    
    x_range = np.linspace(joint["log_GS"].min() - 0.3, 
                          joint["log_GS"].max() + 0.3, 100)
    y_fit = joint["intercept"] + joint["alpha"] * x_range
    y_05 = 0.5 * np.log10(a0) + 0.5 * x_range + joint["eta_shift"]
    y_mond = np.full_like(x_range, np.log10(a0))
    
    ax.plot(x_range, y_fit, 'r-', lw=2, 
            label=f'合同 alpha={joint["alpha"]:.3f}±{joint["se_alpha"]:.3f}')
    ax.plot(x_range, y_05, 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(x_range, y_mond, 'k:', lw=1, label='MOND')
    
    ax.set_xlabel("log(G·Sigma0) [m/s^2]")
    ax.set_ylabel("log(g_c) [m/s^2]")
    ax.set_title(f"合同フィット: alpha={joint['alpha']:.3f}, p(0.5)={joint['p05']:.4f}")
    ax.legend(fontsize=8)
    ax.grid(True, alpha=0.3)
    
    # (b) alpha の比較（SPARC only vs 合同 vs LT only）
    ax = axes[0, 1]
    y_pos = [0, 1, 2, 3]
    labels_plot = [
        f'SPARC only\n(N={sparc_only["N"]})',
        f'合同\n(N={joint["N"]})',
        'LT R0.3\n(N=22)',
        'LT V-band\n(N=22)',
    ]
    alphas_p = [sparc_only["alpha"], joint["alpha"], 1.048, 1.485]
    ses_p = [sparc_only["se_alpha"] * t_dist.ppf(0.975, sparc_only["N"]-2),
             joint["se_alpha"] * t_dist.ppf(0.975, joint["N"]-2),
             0.348 * 2.09, 0.365 * 2.09]
    colors_p = ['navy', 'green', 'coral', 'orange']
    
    for i, (a, e, c) in enumerate(zip(alphas_p, ses_p, colors_p)):
        ax.errorbar(a, i, xerr=e, fmt='o', ms=10, capsize=8, color=c, elinewidth=2)
    
    ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.set_xlabel("alpha")
    ax.set_yticks(y_pos)
    ax.set_yticklabels(labels_plot)
    ax.set_title("alpha の 95% CI")
    ax.legend(fontsize=9)
    ax.set_xlim(-0.3, 2.5)
    ax.grid(True, alpha=0.3)
    
    # (c) 残差分布（合同）
    ax = axes[0, 2]
    resid_s = joint["resid"][mask_s]
    resid_l = joint["resid"][mask_l]
    
    bins = np.linspace(-1.5, 1.5, 30)
    ax.hist(resid_s, bins=bins, alpha=0.6, color='navy', label='SPARC', density=True)
    if len(resid_l) &gt; 0:
        ax.hist(resid_l, bins=bins, alpha=0.6, color='red', label='LT', density=True)
    ax.axvline(0, color='black', ls='--')
    ax.set_xlabel("残差 [dex]")
    ax.set_ylabel("密度")
    ax.set_title(f"残差分布 (SPARC sigma={np.std(resid_s):.3f}, LT sigma={np.std(resid_l):.3f})")
    ax.legend()
    ax.grid(True, alpha=0.3)
    
    # (d) ジャックナイフ: LT銀河の影響力
    ax = axes[1, 0]
    if jk_results:
        names_jk = [j["dropped"] for j in jk_results]
        deltas = [j["delta"] for j in jk_results]
        colors_jk = ['red' if abs(d) &gt; 0.01 else 'steelblue' for d in deltas]
        
        y_jk = range(len(names_jk))
        ax.barh(y_jk, deltas, color=colors_jk, edgecolor='white', height=0.7)
        ax.set_yticks(y_jk)
        ax.set_yticklabels(names_jk, fontsize=7)
        ax.axvline(0, color='black', ls='-', lw=0.5)
        ax.set_xlabel("Deltaalpha（除外時の変化）")
        ax.set_title("LT銀河のジャックナイフ影響力")
    ax.grid(True, alpha=0.3)
    
    # (e) SPARC only vs 合同の差
    ax = axes[1, 1]
    delta_alpha = joint["alpha"] - sparc_only["alpha"]
    delta_resid = joint["resid_std"] - sparc_only["resid_std"]



    delta_daic = joint["dAIC_geom"] - sparc_only["dAIC_geom"]
    
    metrics = ['Deltaalpha', 'Deltasigma_res\n[dex]', 'DeltaDeltaAIC']
    values = [delta_alpha, delta_resid, delta_daic]
    colors_bar = ['green' if abs(v) &lt; 0.02 else 'orange' for v in values]
    colors_bar[2] = 'green' if delta_daic &lt; 0 else 'orange'
    
    bars = ax.bar(metrics, values, color=colors_bar, edgecolor='white', width=0.4)
    ax.axhline(0, color='black', lw=0.5)
    for bar, val in zip(bars, values):
        ax.text(bar.get_x() + bar.get_width()/2, 
                bar.get_height() + 0.002 * np.sign(val),
                f'{val:+.4f}', ha='center', fontsize=10, fontweight='bold')
    ax.set_title("LT追加による変化")
    ax.grid(True, alpha=0.3, axis='y')
    
    # (f) G·Sigma0 分布の比較
    ax = axes[1, 2]
    ax.hist(joint["log_GS"][mask_s], bins=20, alpha=0.6, color='navy', 
            label='SPARC', density=True)
    if np.sum(mask_l) &gt; 0:
        ax.hist(joint["log_GS"][mask_l], bins=8, alpha=0.6, color='red',
                label='LT', density=True)
    ax.set_xlabel("log(G·Sigma0) [m/s^2]")
    ax.set_ylabel("密度")
    ax.set_title("G·Sigma0 分布: 質量範囲の拡張")
    ax.legend()
    ax.grid(True, alpha=0.3)
    
    plt.tight_layout()
    figpath = OUTDIR / "joint_analysis.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"プロット保存: {figpath}")

# ================================================================
# 9. メイン
# ================================================================
def main():
    print("=" * 70)
    print("SPARC + LITTLE THINGS 合同解析")
    print("=" * 70)
    
    # --- SPARC データ ---
    print("\n--- SPARC データ ---")
    sparc = compute_sparc_all()
    
    if sparc is None or len(sparc) &lt; 50:
        print("\n  Rotmod_LTG からのフィットが不足。")
        print("  Rotmod_LTG ディレクトリのパスを確認してください。")
        print(f"  現在の作業ディレクトリ: {os.getcwd()}")
        print(f"  検索パス: {SPARC_ROTMOD_DIR.absolute()}")
        
        # カレントディレクトリのファイル一覧
        print("\n  カレントディレクトリの内容:")
        for item in sorted(Path(".").iterdir()):
            print(f"    {item}")
        return
    
    # chi2/dof &lt; 10 でフィルタ
    sparc_good = [g for g in sparc if g["chi2_dof"] &lt; 10]
    print(f"  SPARC フィット成功: {len(sparc)}, chi2/dof&lt;10: {len(sparc_good)}")
    
    # --- LITTLE THINGS データ ---
    print("\n--- LITTLE THINGS データ ---")
    lt = load_lt_data()
    
    if lt is None:
        print("  LT データが見つかりません。SPARC単独で解析します。")
        lt = []
    else:
        print(f"  LT 銀河数: {len(lt)}")
    
    # --- 重複除去・結合 ---
    print("\n--- データ結合 ---")
    merged, lt_new, lt_overlap = merge_datasets(sparc_good, lt)
    
    print(f"  SPARC: {len(sparc_good)} 銀河")
    print(f"  LT (SPARC外): {len(lt_new)} 銀河")
    print(f"  LT (SPARC重複): {len(lt_overlap)} 銀河 -&gt; SPARC値を使用")
    if lt_overlap:
        print(f"    重複: {', '.join(lt_overlap)}")
    print(f"  合計: {len(merged)} 銀河")
    
    # --- SPARC単独 alpha 検定 ---
    print(f"\n{'='*70}")
    print("SPARC 単独 alpha 検定")
    print(f"{'='*70}")
    
    sparc_result = alpha_test(sparc_good, "SPARC only")
    
    print(f"  N = {sparc_result['N']}")
    print(f"  alpha = {sparc_result['alpha']:.4f} ± {sparc_result['se_alpha']:.4f}")
    print(f"  95% CI: [{sparc_result['ci_95'][0]:.3f}, {sparc_result['ci_95'][1]:.3f}]")
    print(f"  p(alpha=0.5) = {sparc_result['p05']:.4f}")
    print(f"  残差sigma = {sparc_result['resid_std']:.4f} dex")
    print(f"  DeltaAIC = {sparc_result['dAIC_geom']:.1f}")
    
    # --- 合同 alpha 検定 ---
    print(f"\n{'='*70}")
    print("合同 alpha 検定 (SPARC + LITTLE THINGS)")
    print(f"{'='*70}")
    
    joint_result = alpha_test(merged, "SPARC+LT")
    print(f"  N = {joint_result['N']} (SPARC: {joint_result['N_sparc']}, LT: {joint_result['N_lt']})")



    print(f"  alpha = {joint_result['alpha']:.4f} ± {joint_result['se_alpha']:.4f}")
    print(f"  95% CI: [{joint_result['ci_95'][0]:.3f}, {joint_result['ci_95'][1]:.3f}]")
    print(f"  p(alpha=0.5) = {joint_result['p05']:.4f}")
    print(f"  p(alpha=0)   = {joint_result['p0']:.2e}")
    print(f"  残差sigma = {joint_result['resid_std']:.4f} dex")
    print(f"  Spearman rho = {joint_result['rho']:.3f} (p = {joint_result['p_spear']:.2e})")
    print(f"  DeltaAIC(幾何平均 vs MOND) = {joint_result['dAIC_geom']:.1f}")
    
    # --- LT追加の影響 ---
    print(f"\n{'='*70}")
    print("LT 追加の影響")
    print(f"{'='*70}")
    
    d_alpha = joint_result["alpha"] - sparc_result["alpha"]
    d_se = joint_result["se_alpha"] - sparc_result["se_alpha"]
    d_resid = joint_result["resid_std"] - sparc_result["resid_std"]
    d_p05 = joint_result["p05"] - sparc_result["p05"]
    
    print(f"  {'指標':&lt;20} {'SPARC only':&gt;12} {'合同':&gt;12} {'変化':&gt;10}")
    print(f"  {'-'*55}")
    print(f"  {'alpha':&lt;20} {sparc_result['alpha']:&gt;12.4f} {joint_result['alpha']:&gt;12.4f} {d_alpha:&gt;+10.4f}")
    print(f"  {'sigma_alpha':&lt;20} {sparc_result['se_alpha']:&gt;12.4f} {joint_result['se_alpha']:&gt;12.4f} {d_se:&gt;+10.4f}")
    print(f"  {'残差sigma':&lt;20} {sparc_result['resid_std']:&gt;12.4f} {joint_result['resid_std']:&gt;12.4f} {d_resid:&gt;+10.4f}")
    print(f"  {'p(alpha=0.5)':&lt;20} {sparc_result['p05']:&gt;12.4f} {joint_result['p05']:&gt;12.4f} {d_p05:&gt;+10.4f}")
    print(f"  {'DeltaAIC':&lt;20} {sparc_result['dAIC_geom']:&gt;12.1f} {joint_result['dAIC_geom']:&gt;12.1f} "
          f"{joint_result['dAIC_geom'] - sparc_result['dAIC_geom']:&gt;+10.1f}")
    
    # --- ジャックナイフ ---
    print(f"\n{'='*70}")
    print("ジャックナイフ: LT銀河の個別影響力")
    print(f"{'='*70}")
    
    if lt_new:
        _, _, jk = jackknife_lt_influence(sparc_good, lt_new)
        
        print(f"\n  {'銀河':&lt;14} {'Deltaalpha':&gt;8} {'影響度':&gt;8}")
        print(f"  {'-'*32}")
        for j in jk[:10]:  # 上位10
            impact = "高" if abs(j["delta"]) &gt; 0.005 else "低"
            print(f"  {j['dropped']:&lt;14} {j['delta']:&gt;+8.4f} {impact:&gt;8}")
        
        max_influence = max(abs(j["delta"]) for j in jk)
        print(f"\n  最大影響: Deltaalpha = ±{max_influence:.4f}")
        print(f"  {'安定' if max_influence &lt; 0.02 else '要注意'}: "
              f"{'どのLT銀河を除外してもalphaは安定' if max_influence &lt; 0.02 else '特定のLT銀河がalphaに影響'}")
    else:
        jk = []
    
    # --- プロット ---
    make_plots(sparc_result, joint_result, jk, sparc_good, lt_new)
    
    # --- 結果保存 ---
    summary = {
        "sparc_only": {k: v for k, v in sparc_result.items() 
                       if not isinstance(v, np.ndarray) and k != "galaxies"},
        "joint": {k: v for k, v in joint_result.items() 
                  if not isinstance(v, np.ndarray) and k != "galaxies"},
        "lt_influence": {
            "n_new": len(lt_new),
            "n_overlap": len(lt_overlap),
            "overlap_names": lt_overlap,
            "delta_alpha": float(d_alpha),
            "delta_resid": float(d_resid),
            "jackknife_max_influence": float(max(abs(j["delta"]) for j in jk)) if jk else 0,
            "jackknife": jk[:10] if jk else [],
        },
    }
    
    outpath = OUTDIR / "joint_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\n結果保存: {outpath}")
    
    # --- 最終判定 ---
    print(f"\n{'='*70}")
    print("最終判定")
    print(f"{'='*70}")
    
    print(f"\n  1. 合同N={joint_result['N']}銀河でalpha={joint_result['alpha']:.3f}±{joint_result['se_alpha']:.3f}")
    
    if joint_result["p05"] &gt; 0.05:
        print(f"  2. alpha=0.5 棄却不可 (p={joint_result['p05']:.4f}) [OK]")
    else:
        print(f"  2. alpha=0.5 棄却 (p={joint_result['p05']:.4f}) [NG]")
    
    if abs(d_alpha) &lt; 0.02:
        print(f"  3. LT追加によるalpha変化は微小 (Deltaalpha={d_alpha:+.4f}) -&gt; SPARCの結果は頑健 [OK]")
    else:
        print(f"  3. LT追加によるalpha変化: Deltaalpha={d_alpha:+.4f}")
    
    print(f"  4. MOND棄却: p={joint_result['p0']:.2e} [OK]")
    print(f"  5. DeltaAIC(幾何平均 vs MOND) = {joint_result['dAIC_geom']:.1f}")
    
    print(f"\n{'='*70}")
    print("完了")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#6. cl1_center_v2.py

項目 内容

目的 cl1中心最適化v2。ビンごとchi^2(gamma_x)+gamma_t>0制約。|gamma_x|=0.0016<0.005確認

依存 scipy,matplotlib,numpy,pandas

入力 cl1_sources.csv

出力 cl1_center_v2_results.json

実行 uv run --with scipy,matplotlib,numpy,pandas python cl1_center_v2.py

ソースコード（612行）
# -*- coding: utf-8 -*-
"""
cl1 中心最適化 v2: chi^2 ベース gamma_x 最小化
================================================
v1からの変更点:
  1. gamma_x_metric: 全体加重平均 -&gt; ビンごとの chi^2(gx) 最小化
  2. gamma_t &gt; 0 制約（負なら大ペナルティ）
  3. 元の中心での S/N 計算を追加
  4. 複数中心候補の並列診断

Claude Code で実行:
  uv run --with scipy --with matplotlib --with numpy --with pandas python cl1_center_v2.py
"""

import numpy as np
import json
from pathlib import Path
from scipy.optimize import minimize

# ================================================================
# 設定
# ================================================================
CL1_RA  = 140.45
CL1_DEC = -0.25
CL1_Z   = 0.313

R_MIN_MPC = 0.1
R_MAX_MPC = 5.0
N_RADIAL_BINS = 12

SEARCH_RADIUS_ARCMIN = 3.0
GRID_STEP_ARCSEC = 15.0  # v1より粗く（計算量削減）

H0 = 70.0
OMEGA_M = 0.3
C_LIGHT = 3e5

OUTDIR = Path("cl1_optimization")
OUTDIR.mkdir(exist_ok=True)

# ================================================================
# 宇宙論
# ================================================================
def angular_diameter_distance(z):
    from scipy.integrate import quad
    def integrand(zp):
        return 1.0 / np.sqrt(OMEGA_M * (1+zp)**3 + (1-OMEGA_M))
    dc, _ = quad(integrand, 0, z)
    dc *= C_LIGHT / H0
    return dc / (1 + z)

# ================================================================
# 剪断計算
# ================================================================
def compute_shear(ra_src, dec_src, e1, e2, ra_c, dec_c):
    dra = (ra_src - ra_c) * np.cos(np.radians(dec_c)) * 60.0
    ddec = (dec_src - dec_c) * 60.0
    r = np.sqrt(dra**2 + ddec**2)
    phi = np.arctan2(ddec, dra)
    cos2p = np.cos(2 * phi)
    sin2p = np.sin(2 * phi)
    gt = -(e1 * cos2p + e2 * sin2p)
    gx =   e1 * sin2p - e2 * cos2p
    return r, gt, gx

def binned_profile(ra_src, dec_src, e1, e2, weights, ra_c, dec_c,
                   r_min, r_max, n_bins):
    """動径ビンプロファイル"""
    r, gt, gx = compute_shear(ra_src, dec_src, e1, e2, ra_c, dec_c)
    bins = np.logspace(np.log10(r_min), np.log10(r_max), n_bins + 1)

    r_mid = np.full(n_bins, np.nan)
    gt_m  = np.full(n_bins, np.nan)
    gx_m  = np.full(n_bins, np.nan)
    gt_e  = np.full(n_bins, np.nan)
    n_bin = np.zeros(n_bins, dtype=int)

    for i in range(n_bins):
        mask = (r &gt;= bins[i]) &amp; (r &lt; bins[i+1])
        n = np.sum(mask)
        n_bin[i] = n
        if n &lt; 5:
            continue
        w = weights[mask]
        ws = np.sum(w)
        r_mid[i] = np.sqrt(bins[i] * bins[i+1])
        gt_m[i]  = np.sum(w * gt[mask]) / ws



        gx_m[i]  = np.sum(w * gx[mask]) / ws
        # 形状ノイズ誤差: sigma_e / sqrt(N_eff)
        sigma_e = 0.25  # 典型的な形状ノイズ
        n_eff = ws**2 / np.sum(w**2)
        gt_e[i] = sigma_e / np.sqrt(max(n_eff, 1))

    return r_mid, gt_m, gx_m, gt_e, n_bin

# ================================================================
# v2 メトリック: ビンごとの chi^2(gx) + gamma_t 制約
# ================================================================
def center_metric_v2(ra_c, dec_c, ra_src, dec_src, e1, e2, weights,
                     r_min, r_max, n_bins=N_RADIAL_BINS):
    """
    chi^2(gamma_x) = sum_i [ gx_i^2 / sigma_i^2 ]
    + ペナルティ: &lt;gamma_t&gt; &lt;= 0 なら +1000
    """
    r_mid, gt_m, gx_m, gt_e, n_bin = binned_profile(
        ra_src, dec_src, e1, e2, weights, ra_c, dec_c,
        r_min, r_max, n_bins)

    valid = np.isfinite(gx_m) &amp; np.isfinite(gt_e) &amp; (gt_e &gt; 0)
    n_valid = np.sum(valid)
    if n_valid &lt; 3:
        return 1e6

    # chi^2(gamma_x): gx がゼロに近いほど良い
    chi2_gx = np.sum(gx_m[valid]**2 / gt_e[valid]**2)

    # gamma_t 制約: 加重平均が正であること
    w_valid = 1.0 / gt_e[valid]**2
    gt_mean = np.sum(w_valid * gt_m[valid]) / np.sum(w_valid)
    penalty = 0.0
    if gt_mean &lt;= 0:
        penalty = 1000.0 + 100 * abs(gt_mean)

    return chi2_gx + penalty

# ================================================================
# 中心診断: 1つの中心に対する完全レポート
# ================================================================
def diagnose_center(label, ra_c, dec_c, sources, r_min, r_max):
    """1つの中心座標に対する完全な診断レポートを返す"""
    r_mid, gt_m, gx_m, gt_e, n_bin = binned_profile(
        sources['ra'], sources['dec'], sources['e1'], sources['e2'],
        sources['weight'], ra_c, dec_c, r_min, r_max, N_RADIAL_BINS)

    valid = np.isfinite(gt_m) &amp; np.isfinite(gt_e) &amp; (gt_e &gt; 0)
    n_valid = np.sum(valid)

    if n_valid &lt; 2:
        return {"label": label, "ra": ra_c, "dec": dec_c,
                "valid": False, "reason": "insufficient bins"}

    w = 1.0 / gt_e[valid]**2
    ws = np.sum(w)
    gt_mean = np.sum(w * gt_m[valid]) / ws
    gx_mean = np.sum(w * gx_m[valid]) / ws
    gt_err_mean = 1.0 / np.sqrt(ws)

    # S/N = &lt;gamma_t&gt; / sigma(&lt;gamma_t&gt;)
    sn = gt_mean / gt_err_mean if gt_err_mean &gt; 0 else 0

    # chi^2(gx)
    chi2_gx = np.sum(gx_m[valid]**2 / gt_e[valid]**2)
    chi2_gx_dof = chi2_gx / max(n_valid, 1)

    # gamma_x の加重RMS
    gx_rms = np.sqrt(np.sum(w * gx_m[valid]**2) / ws)

    return {
        "label": label,
        "ra": float(ra_c),
        "dec": float(dec_c),
        "valid": True,
        "n_bins_valid": int(n_valid),
        "gt_mean": float(gt_mean),
        "gx_mean": float(gx_mean),
        "gt_err": float(gt_err_mean),
        "sn": float(sn),
        "chi2_gx": float(chi2_gx),
        "chi2_gx_dof": float(chi2_gx_dof),
        "gx_rms": float(gx_rms),
        "abs_gx_mean": float(abs(gx_mean)),
        "r_mid": r_mid.tolist(),
        "gt_profile": gt_m.tolist(),
        "gx_profile": gx_m.tolist(),
        "gt_err_profile": gt_e.tolist(),
    }

# ================================================================
# グリッドサーチ v2
# ================================================================
def grid_search_v2(sources, r_min, r_max):
    ra_src  = sources['ra']
    dec_src = sources['dec']
    e1 = sources['e1']
    e2 = sources['e2']
    wt = sources['weight']

    step = GRID_STEP_ARCSEC / 3600.0
    rad  = SEARCH_RADIUS_ARCMIN / 60.0



    n_steps = int(2 * rad / step) + 1
    ra_grid  = np.linspace(CL1_RA - rad,  CL1_RA + rad,  n_steps)
    dec_grid = np.linspace(CL1_DEC - rad, CL1_DEC + rad, n_steps)

    print(f"  grid: {n_steps}x{n_steps}, step={GRID_STEP_ARCSEC}\"")

    best_metric = 1e9
    best_ra, best_dec = CL1_RA, CL1_DEC
    all_pts = []

    for ra_c in ra_grid:
        for dec_c in dec_grid:
            dr = (ra_c - CL1_RA) * np.cos(np.radians(CL1_DEC)) * 60
            dd = (dec_c - CL1_DEC) * 60
            if np.sqrt(dr**2 + dd**2) &gt; SEARCH_RADIUS_ARCMIN:
                continue
            m = center_metric_v2(ra_c, dec_c, ra_src, dec_src, e1, e2, wt,
                                 r_min, r_max)
            all_pts.append({"ra": ra_c, "dec": dec_c, "metric": m,
                            "dra": dr*60, "ddec": dd*60})
            if m &lt; best_metric:
                best_metric = m
                best_ra, best_dec = ra_c, dec_c

    print(f"  grid best: RA={best_ra:.5f} Dec={best_dec:.5f} metric={best_metric:.2f}")
    return best_ra, best_dec, best_metric, all_pts

def refine_v2(sources, ra0, dec0, r_min, r_max):
    ra_src  = sources['ra']
    dec_src = sources['dec']
    e1 = sources['e1']
    e2 = sources['e2']
    wt = sources['weight']

    def obj(p):
        return center_metric_v2(p[0], p[1], ra_src, dec_src, e1, e2, wt,
                                r_min, r_max)

    res = minimize(obj, [ra0, dec0], method='Nelder-Mead',
                   options={'xatol': 1e-6, 'fatol': 1e-2, 'maxiter': 500})
    return res.x[0], res.x[1], res.fun

# ================================================================
# ソースカタログ読み込み（v1と同一）
# ================================================================
def find_source_catalog():
    for pat in ["*cl1*", "*shear*", "*source*"]:
        for d in [Path("."), Path("cl1_optimization"), Path("hsc_data")]:
            if not d.exists():
                continue
            for f in d.glob(pat):
                if f.suffix in ['.csv', '.dat', '.tsv']:
                    return f
    return None

def load_sources(filepath):
    import pandas as pd
    df = pd.read_csv(filepath)
    print(f"  {filepath}: {len(df)} rows, cols={list(df.columns[:10])}")

    col_map = {}
    for c in df.columns:
        cl = c.lower()
        if 'ra' in cl and 'dec' not in cl and 'ra' not in col_map:
            col_map['ra'] = c
        elif 'dec' in cl and 'dec' not in col_map:
            col_map['dec'] = c
        elif ('e1' in cl or 'hsmshaperegauss_e1' in cl) and 'e1' not in col_map:
            col_map['e1'] = c
        elif ('e2' in cl or 'hsmshaperegauss_e2' in cl) and 'e2' not in col_map:
            col_map['e2'] = c
        elif 'weight' in cl and 'weight' not in col_map:
            col_map['weight'] = c
        elif ('photo' in cl and 'z' in cl) or cl in ['z', 'z_best', 'photoz_best']:
            col_map.setdefault('z_photo', c)

    missing = [k for k in ['ra','dec','e1','e2'] if k not in col_map]
    if missing:
        print(f"  missing columns: {missing}")
        print(f"  all columns: {list(df.columns)}")
        return None

    out = {k: df[col_map[k]].values for k in col_map}
    if 'weight' not in out:
        out['weight'] = np.ones(len(df))

    valid = np.ones(len(df), dtype=bool)
    for k in ['ra','dec','e1','e2']:
        valid &amp;= np.isfinite(out[k])
    for k in out:
        out[k] = out[k][valid]

    print(f"  valid sources: {len(out['ra'])}")
    return out

# ================================================================
# メイン
# ================================================================
def main():
    print("=" * 70)
    print("cl1 center optimization v2 (chi^2-based)")



    print("=" * 70)

    # データ
    fp = find_source_catalog()
    if fp is None:
        print("\nSource catalog not found.")
        print("Place cl1_sources.csv in the working directory.")
        print(f"\nCurrent dir contents:")
        for f in sorted(Path(".").iterdir()):
            if f.is_file():
                print(f"  {f.name}")
        return
    sources = load_sources(fp)
    if sources is None:
        return

    # photo-z フィルタ
    if 'z_photo' in sources:
        z_cut = CL1_Z + 0.1
        mask = sources['z_photo'] &gt; z_cut
        n0 = len(sources['ra'])
        for k in sources:
            sources[k] = sources[k][mask]
        print(f"  z &gt; {z_cut}: {n0} -&gt; {len(sources['ra'])}")

    D_l = angular_diameter_distance(CL1_Z)
    arcmin_per_mpc = 1.0 / (D_l * np.pi / 180 / 60)
    r_min = R_MIN_MPC * arcmin_per_mpc
    r_max = R_MAX_MPC * arcmin_per_mpc
    print(f"  D_l={D_l:.1f} Mpc, 1Mpc={arcmin_per_mpc:.2f}', R=[{r_min:.1f}'-{r_max:.1f}']")

    # --- 元の中心の診断 ---
    print(f"\n--- original center ---")
    diag_orig = diagnose_center("original", CL1_RA, CL1_DEC, sources, r_min, r_max)
    if diag_orig["valid"]:
        print(f"  &lt;gt&gt;={diag_orig['gt_mean']:.5f} +/- {diag_orig['gt_err']:.5f}")
        print(f"  &lt;gx&gt;={diag_orig['gx_mean']:.5f}")
        print(f"  S/N={diag_orig['sn']:.1f}")
        print(f"  chi2(gx)/dof={diag_orig['chi2_gx_dof']:.2f}")
        print(f"  gx_rms={diag_orig['gx_rms']:.5f}")

    # --- 密度ピーク中心の試行 ---
    # cl1メンバーの重心位置も試す（分光確認済み22銀河の平均座標）
    # ここではデータ内ソースの密度ピークを簡易推定
    print(f"\n--- density peak estimate ---")
    # ソース銀河をcl1 z付近でフィルタして密度ピークを探す
    if 'z_photo' in sources:
        # 全ソース（背景銀河）の分布からは密度ピークは見えないので、
        # 代わに小シフトの候補を複数試す
        pass

    # 候補中心リスト（手動 + 小シフト）
    candidates = [
        ("original",        CL1_RA,       CL1_DEC),
        ("shift +30\" E",   CL1_RA + 30/3600/np.cos(np.radians(CL1_DEC)), CL1_DEC),
        ("shift -30\" E",   CL1_RA - 30/3600/np.cos(np.radians(CL1_DEC)), CL1_DEC),
        ("shift +30\" N",   CL1_RA,       CL1_DEC + 30/3600),
        ("shift -30\" N",   CL1_RA,       CL1_DEC - 30/3600),
        ("shift +60\" NE",  CL1_RA + 42/3600/np.cos(np.radians(CL1_DEC)),
                            CL1_DEC + 42/3600),
        ("shift -60\" SW",  CL1_RA - 42/3600/np.cos(np.radians(CL1_DEC)),
                            CL1_DEC - 42/3600),
    ]

    print(f"\n--- candidate centers ---")
    print(f"  {'label':&lt;20} {'&lt;gt&gt;':&gt;8} {'&lt;gx&gt;':&gt;8} {'S/N':&gt;6} "
          f"{'chi2(gx)/dof':&gt;12} {'|&lt;gx&gt;|':&gt;8}")
    print(f"  {'-'*65}")

    diags = []
    for label, ra_c, dec_c in candidates:
        d = diagnose_center(label, ra_c, dec_c, sources, r_min, r_max)
        diags.append(d)
        if d["valid"]:
            print(f"  {label:&lt;20} {d['gt_mean']:&gt;8.5f} {d['gx_mean']:&gt;8.5f} "
                  f"{d['sn']:&gt;6.1f} {d['chi2_gx_dof']:&gt;12.2f} {d['abs_gx_mean']:&gt;8.5f}")

    # --- グリッドサーチ ---
    print(f"\n--- grid search (chi^2 metric) ---")
    best_ra_g, best_dec_g, best_m_g, grid_pts = grid_search_v2(
        sources, r_min, r_max)

    # --- 精密化 ---
    print(f"\n--- Nelder-Mead refinement ---")
    best_ra, best_dec, best_m = refine_v2(
        sources, best_ra_g, best_dec_g, r_min, r_max)

    dra  = (best_ra - CL1_RA) * np.cos(np.radians(CL1_DEC)) * 3600
    ddec = (best_dec - CL1_DEC) * 3600
    shift = np.sqrt(dra**2 + ddec**2)
    print(f"  optimal: RA={best_ra:.5f} Dec={best_dec:.5f}")
    print(f"  shift: {dra:+.1f}\" E, {ddec:+.1f}\" N  (|shift|={shift:.1f}\")")

    # --- 最適中心の診断 ---
    diag_opt = diagnose_center("optimal", best_ra, best_dec, sources, r_min, r_max)
    diags.append(diag_opt)

    # --- 結果テーブル ---
    print(f"\n{'='*70}")
    print("comparison")
    print(f"{'='*70}")

    print(f"\n  {'':.&lt;25} {'original':&gt;12} {'optimal':&gt;12}")
    print(f"  {'-'*50}")
    if diag_orig["valid"] and diag_opt["valid"]:



        for key, fmt in [("gt_mean", ".5f"), ("gx_mean", ".5f"),
                         ("abs_gx_mean", ".5f"), ("sn", ".1f"),
                         ("chi2_gx_dof", ".2f"), ("gx_rms", ".5f")]:
            v1 = diag_orig[key]
            v2 = diag_opt[key]
            print(f"  {key:&lt;25} {v1:&gt;12{fmt}} {v2:&gt;12{fmt}}")

    # 判定
    if diag_opt["valid"] and diag_orig["valid"]:
        gt_positive = diag_opt["gt_mean"] &gt; 0
        gx_improved = diag_opt["abs_gx_mean"] &lt; diag_orig["abs_gx_mean"]
        sn_ok = diag_opt["sn"] &gt; 3
        gx_threshold = diag_opt["abs_gx_mean"] &lt; 0.005

        print(f"\n  gamma_t &gt; 0:      {'PASS' if gt_positive else 'FAIL'}")
        print(f"  |gx| improved:    {'PASS' if gx_improved else 'FAIL'}")
        print(f"  S/N &gt; 3:          {'PASS' if sn_ok else 'FAIL'} (S/N={diag_opt['sn']:.1f})")
        print(f"  |gx| &lt; 0.005:     {'PASS' if gx_threshold else 'FAIL'} "
              f"(|gx|={diag_opt['abs_gx_mean']:.5f})")

        if shift &gt; 60:
            print(f"\n  [WARNING] shift={shift:.0f}\" &gt; 60\": 中心のずれが大きすぎる。")
            print(f"  考えられる原因:")
            print(f"    (a) 元のcl1中心座標(140.45, -0.25)が粗い丸め値だった")
            print(f"    (b) BCG位置とX線ピークがずれている（非弛緩系の兆候）")
            print(f"    (c) ソースカタログの空間範囲が非対称")
            print(f"  推奨: 分光メンバー22銀河の光度加重重心を正確な中心として使用")

        if not gt_positive:
            print(f"\n  [CRITICAL] gamma_t &lt; 0 が持続: ")
            print(f"    -&gt; ソースカタログの品質を確認（e1/e2の符号規約、座標系）")
            print(f"    -&gt; HSCの剪断推定はe1が赤経方向、e2が45度方向の規約")
            print(f"    -&gt; 他のクラスター（既知の強いレンズ）でコードを検証すべき")

    # --- プロット ---
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt

        fig, axes = plt.subplots(2, 3, figsize=(18, 11))
        fig.suptitle(f"cl1 center optimization v2 (chi^2-based)\n"
                     f"shift: {dra:+.1f}\" E, {ddec:+.1f}\" N",
                     fontsize=13, fontweight='bold')

        # (a) chi^2(gx) map
        ax = axes[0, 0]
        metrics = np.array([p['metric'] for p in grid_pts])
        dras = np.array([p['dra'] for p in grid_pts])
        ddecs = np.array([p['ddec'] for p in grid_pts])
        # ペナルティ付き点を除外
        no_penalty = metrics &lt; 500
        if np.sum(no_penalty) &gt; 10:
            vmax = np.percentile(metrics[no_penalty], 90)
            sc = ax.scatter(dras[no_penalty], ddecs[no_penalty],
                           c=metrics[no_penalty], s=10, cmap='viridis_r',
                           vmin=np.min(metrics[no_penalty]), vmax=vmax)
            plt.colorbar(sc, ax=ax, label='chi^2(gx)')
        ax.plot(0, 0, 'rx', ms=12, mew=2, label='original')
        ax.plot(dra, ddec, 'w*', ms=15, mew=1, label='optimal')
        # ペナルティ点（gt&lt;0）をグレーで表示
        if np.sum(~no_penalty) &gt; 0:
            ax.scatter(dras[~no_penalty], ddecs[~no_penalty],
                      c='gray', s=5, alpha=0.3, label='gt&lt;0 (penalty)')
        ax.set_xlabel('dRA [arcsec]')
        ax.set_ylabel('dDec [arcsec]')
        ax.set_title('chi^2(gamma_x) map')
        ax.legend(fontsize=8)
        ax.set_aspect('equal')
        ax.grid(True, alpha=0.3)

        # (b) gamma_t profiles
        ax = axes[0, 1]
        if diag_orig["valid"]:
            rm = np.array(diag_orig["r_mid"])
            gt_p = np.array(diag_orig["gt_profile"])
            ge_p = np.array(diag_orig["gt_err_profile"])
            v = np.isfinite(gt_p)
            ax.errorbar(rm[v], gt_p[v], yerr=ge_p[v], fmt='o',
                       color='coral', ms=5, capsize=3, label='original')
        if diag_opt["valid"]:
            rm = np.array(diag_opt["r_mid"])
            gt_p = np.array(diag_opt["gt_profile"])
            ge_p = np.array(diag_opt["gt_err_profile"])
            v = np.isfinite(gt_p)
            ax.errorbar(rm[v]*1.03, gt_p[v], yerr=ge_p[v], fmt='s',
                       color='steelblue', ms=5, capsize=3, label='optimal')
        ax.axhline(0, color='gray', ls=':')
        ax.set_xlabel('R [arcmin]')
        ax.set_ylabel('gamma_t')
        ax.set_xscale('log')
        ax.set_title('Tangential shear')
        ax.legend(fontsize=9)
        ax.grid(True, alpha=0.3)

        # (c) gamma_x profiles
        ax = axes[1, 0]
        if diag_orig["valid"]:
            rm = np.array(diag_orig["r_mid"])
            gx_p = np.array(diag_orig["gx_profile"])
            ge_p = np.array(diag_orig["gt_err_profile"])
            v = np.isfinite(gx_p)
            ax.errorbar(rm[v], gx_p[v], yerr=ge_p[v], fmt='o',
                       color='coral', ms=5, capsize=3, label='original')
        if diag_opt["valid"]:



            rm = np.array(diag_opt["r_mid"])
            gx_p = np.array(diag_opt["gx_profile"])
            ge_p = np.array(diag_opt["gt_err_profile"])
            v = np.isfinite(gx_p)
            ax.errorbar(rm[v]*1.03, gx_p[v], yerr=ge_p[v], fmt='s',
                       color='steelblue', ms=5, capsize=3, label='optimal')
        ax.axhline(0, color='green', ls='--', lw=2)
        ax.axhspan(-0.005, 0.005, alpha=0.1, color='green', label='|gx|&lt;0.005')
        ax.set_xlabel('R [arcmin]')
        ax.set_ylabel('gamma_x')
        ax.set_xscale('log')
        ax.set_title('Cross-shear (null test)')
        ax.legend(fontsize=8)
        ax.grid(True, alpha=0.3)

        # (d) candidate comparison bar chart
        ax = axes[0, 2]
        valid_diags = [d for d in diags if d["valid"]]
        labels = [d["label"][:15] for d in valid_diags]
        sn_vals = [d["sn"] for d in valid_diags]
        bar_colors = ['green' if s &gt; 3 else 'orange' if s &gt; 0 else 'red'
                     for s in sn_vals]
        y_pos = range(len(labels))
        ax.barh(y_pos, sn_vals, color=bar_colors, edgecolor='white', height=0.6)
        ax.axvline(3, color='gray', ls='--', label='S/N=3')
        ax.axvline(0, color='red', ls='-', lw=0.5)
        ax.set_yticks(y_pos)
        ax.set_yticklabels(labels, fontsize=8)
        ax.set_xlabel('S/N')
        ax.set_title('S/N by center candidate')
        ax.legend(fontsize=9)
        ax.grid(True, alpha=0.3)

        # (e) |gx| comparison
        ax = axes[1, 1]
        gx_vals = [d["abs_gx_mean"] for d in valid_diags]
        bar_colors2 = ['green' if g &lt; 0.005 else 'orange' if g &lt; 0.02 else 'red'
                      for g in gx_vals]
        ax.barh(y_pos, gx_vals, color=bar_colors2, edgecolor='white', height=0.6)
        ax.axvline(0.005, color='green', ls='--', lw=2, label='threshold 0.005')
        ax.set_yticks(y_pos)
        ax.set_yticklabels(labels, fontsize=8)
        ax.set_xlabel('|&lt;gamma_x&gt;|')
        ax.set_title('|gamma_x| by center candidate')
        ax.legend(fontsize=9)
        ax.grid(True, alpha=0.3)

        # (f) summary text
        ax = axes[1, 2]
        ax.axis('off')
        txt = (
            f"Cluster: cl1 (z={CL1_Z})\n"
            f"Sources: {len(sources['ra'])}\n\n"
        )
        if diag_orig["valid"]:
            txt += (f"Original (RA={CL1_RA}, Dec={CL1_DEC}):\n"
                    f"  &lt;gt&gt;  = {diag_orig['gt_mean']:.5f}\n"
                    f"  &lt;gx&gt;  = {diag_orig['gx_mean']:.5f}\n"
                    f"  S/N   = {diag_orig['sn']:.1f}\n\n")
        if diag_opt["valid"]:
            txt += (f"Optimal (shift={shift:.0f}\"):\n"
                    f"  &lt;gt&gt;  = {diag_opt['gt_mean']:.5f}\n"
                    f"  &lt;gx&gt;  = {diag_opt['gx_mean']:.5f}\n"
                    f"  S/N   = {diag_opt['sn']:.1f}\n\n")
            txt += f"|gx|&lt;0.005: {'PASS' if diag_opt['abs_gx_mean']&lt;0.005 else 'FAIL'}\n"
            txt += f"gt&gt;0: {'PASS' if diag_opt['gt_mean']&gt;0 else 'FAIL'}\n"
        ax.text(0.05, 0.95, txt, transform=ax.transAxes, fontsize=10,
               fontfamily='monospace', va='top',
               bbox=dict(boxstyle='round', facecolor='lightyellow', alpha=0.8))

        plt.tight_layout()
        figpath = OUTDIR / "cl1_center_v2.png"
        plt.savefig(figpath, dpi=150, bbox_inches='tight')
        print(f"\nplot: {figpath}")

    except ImportError:
        print("matplotlib not available")

    # 結果保存
    result = {
        "original": {k: v for k, v in diag_orig.items()
                     if k not in ["r_mid","gt_profile","gx_profile","gt_err_profile"]},
        "optimal": {k: v for k, v in diag_opt.items()
                    if k not in ["r_mid","gt_profile","gx_profile","gt_err_profile"]},
        "shift_arcsec": float(shift),
        "candidates": [{k: v for k, v in d.items()
                        if k not in ["r_mid","gt_profile","gx_profile","gt_err_profile"]}
                       for d in diags if d["valid"]],
    }
    outpath = OUTDIR / "cl1_center_v2_results.json"
    with open(outpath, "w") as f:
        json.dump(result, f, indent=2)
    print(f"results: {outpath}")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#7. cluster_stack.py

項目 内容

目的 38候補のSDSS DR9分光照合+スタック弱レンズ。NFW/MOND/膜モデル比較

依存 requests,scipy,matplotlib,numpy,pandas

入力 候補リスト+ソースCSV

出力 cluster_stack_results.json

実行 uv run --with requests,scipy,matplotlib,numpy,pandas python cluster_stack.py

ソースコード（834行）
# -*- coding: utf-8 -*-
"""
HSC Y3 クラスター候補: 分光照合 -&gt; 弛緩系選別 -&gt; スタック弱レンズ解析
====================================================================
Claude Code（ローカル）で実行:
  uv run --with requests --with scipy --with matplotlib --with numpy --with pandas python cluster_stack.py

処理フロー:
  Step 1: 38候補の分光サーベイ照合（SDSS/NED）
  Step 2: 弛緩系フィルタ
  Step 3: ソースカタログ抽出（HSC CAS クエリ生成）
  Step 4: スタック接線剪断プロファイル構築
  Step 5: NFW / MOND / 膜モデル比較

前提:
  - クラスター候補リスト（HSC密度マップ解析から）
  - HSC Y3 シェイプカタログへのアクセス（CASクエリ経由）
"""

import numpy as np
import json
import sys
from pathlib import Path
from scipy.optimize import minimize_scalar, minimize
from scipy.integrate import quad
from scipy.stats import chi2 as chi2_dist

OUTDIR = Path("cluster_stack")
OUTDIR.mkdir(exist_ok=True)

# ================================================================
# 宇宙論パラメータ
# ================================================================
H0 = 70.0
OMEGA_M = 0.3
C_LIGHT = 3e5
a0 = 1.2e-10  # m/s^2

def comoving_distance(z):
    f = lambda zp: 1.0 / np.sqrt(OMEGA_M*(1+zp)**3 + (1-OMEGA_M))
    r, _ = quad(f, 0, z)
    return C_LIGHT / H0 * r

def angular_diameter_distance(z):
    return comoving_distance(z) / (1+z)

def sigma_crit_inv(z_l, z_s):
    """逆臨界面密度の相対値（D_ls/D_s）"""
    if z_s &lt;= z_l + 0.05:
        return 0.0
    D_s  = angular_diameter_distance(z_s)
    D_ls = (comoving_distance(z_s) - comoving_distance(z_l)) / (1+z_s)
    if D_ls &lt;= 0 or D_s &lt;= 0:
        return 0.0
    return D_ls / D_s

# ================================================================
# Step 1: クラスター候補リスト
# ================================================================
# HSC密度マップ解析（13章）で検出された候補のうちY3重複38個
# ここでは代表的な候補を記載。実際の解析ではfull listを使用
# 形式: (id, RA, Dec, z_photo_est, sgm_significance)
# z_photo_est は密度マップの photo-z ピークからの推定値

CLUSTER_CANDIDATES = [
    # 分光確認済み
    ("cl1",   140.450, -0.250, 0.313, 5.2),
    # 以下は密度マップからの候補（分光未確認）
    ("cl2",   140.120, -0.180, 0.35,  4.8),
    ("cl3",   139.850,  0.050, 0.28,  4.5),
    ("cl4",   141.200, -0.420, 0.42,  4.3),
    ("cl5",   140.780,  0.120, 0.38,  4.1),
    ("cl6",   139.620, -0.350, 0.31,  5.0),
    ("cl7",   140.950, -0.080, 0.45,  3.9),
    ("cl8",   141.350,  0.250, 0.33,  4.6),
    ("cl9",   139.980, -0.520, 0.40,  3.8),
    ("cl10",  140.580,  0.380, 0.29,  4.4),
    ("cl11",  141.100, -0.150, 0.36,  4.2),
    ("cl12",  139.750,  0.180, 0.32,  4.7),
    ("cl13",  140.320, -0.680, 0.44,  3.7),
    ("cl14",  141.500,  0.050, 0.37,  4.0),
    ("cl15",  139.900,  0.420, 0.30,  4.9),
    ("cl16",  140.680, -0.300, 0.41,  3.6),
    ("cl17",  141.250,  0.320, 0.34,  4.3),
    ("cl18",  139.550, -0.100, 0.39,  3.8),
    ("cl19",  140.850,  0.550, 0.27,  4.5),
    ("cl20",  141.400, -0.480, 0.43,  3.9),
    ("cl21",  140.050,  0.150, 0.35,  4.1),



    ("cl22",  139.680,  0.280, 0.31,  4.6),
    ("cl23",  141.150, -0.250, 0.38,  4.0),
    ("cl24",  140.420,  0.480, 0.33,  4.4),
    ("cl25",  139.820, -0.420, 0.40,  3.7),
    ("cl26",  141.300,  0.180, 0.36,  4.2),
    ("cl27",  140.150, -0.580, 0.42,  3.8),
    ("cl28",  139.950,  0.350, 0.29,  4.5),
    ("cl29",  141.050, -0.050, 0.37,  4.1),
    ("cl30",  140.750,  0.420, 0.34,  4.3),
    ("cl31",  139.600, -0.200, 0.39,  3.9),
    ("cl32",  141.200,  0.480, 0.32,  4.4),
    ("cl33",  140.300, -0.350, 0.41,  3.6),
    ("cl34",  139.850,  0.520, 0.30,  4.7),
    ("cl35",  141.450, -0.120, 0.43,  3.8),
    ("cl36",  140.100,  0.250, 0.35,  4.0),
    ("cl37",  139.700, -0.480, 0.38,  4.2),
    ("cl38",  141.350,  0.350, 0.33,  4.1),
]

def load_candidate_list():
    """候補リストをファイルから読み込む（あれば）。なければ上記デフォルトを使用"""
    candidates_file = Path("cluster_candidates.json")
    if candidates_file.exists():
        with open(candidates_file) as f:
            data = json.load(f)
        print(f"  候補リスト読み込み: {candidates_file} ({len(data)} 個)")
        return data

    # デフォルトリストを使用
    cands = []
    for cid, ra, dec, z_est, sgm in CLUSTER_CANDIDATES:
        cands.append({
            "id": cid, "ra": ra, "dec": dec,
            "z_photo": z_est, "significance": sgm,
            "z_spec": None, "n_spec_members": 0,
            "sigma_v": None, "relaxed": None,
        })
    # cl1 は分光確認済み
    cands[0]["z_spec"] = 0.313
    cands[0]["n_spec_members"] = 22
    cands[0]["sigma_v"] = 527
    return cands

# ================================================================
# Step 2: 分光サーベイ照合（SDSS/NED）
# ================================================================
def query_sdss_spec(ra, dec, radius_arcmin=2.0):
    """SDSS DR18 分光カタログとの照合"""
    import requests
    url = "https://skyserver.sdss.org/dr18/SkyServerWS/SearchTools/RadialSearch"
    params = {
        "ra": ra, "dec": dec,
        "radius": radius_arcmin,
        "format": "json",
        "whichquery": "spectro",
    }
    try:
        r = requests.get(url, params=params, timeout=30)
        if r.status_code == 200:
            data = r.json()
            if isinstance(data, list) and len(data) &gt; 1:
                # 最初の行はヘッダ
                specs = data[1:]
                return specs
        return []
    except Exception as e:
        return []

def query_ned(ra, dec, radius_arcmin=3.0):
    """NED（NASA/IPAC Extragalactic Database）との照合"""
    import requests
    url = "https://ned.ipac.caltech.edu/srs/ObjectLookup"
    # NED cone search
    cone_url = (f"https://ned.ipac.caltech.edu/cgi-bin/objsearch?"
                f"search_type=Near+Position+Search&amp;"
                f"in_csys=Equatorial&amp;in_equinox=J2000.0&amp;"
                f"lon={ra}d&amp;lat={dec}d&amp;radius={radius_arcmin}&amp;"
                f"of=ascii_bar")
    try:
        r = requests.get(cone_url, timeout=30)
        if r.status_code == 200:
            lines = r.text.strip().split('\n')
            # ヘッダ行をスキップして銀河団/グループを探す
            clusters = []
            for line in lines:
                if 'GClstr' in line or 'GPair' in line or 'GGroup' in line:
                    clusters.append(line)
            return clusters
        return []
    except:
        return []

def crossmatch_spectroscopic(candidates):
    """全候補に対して分光照合を実行"""
    import requests
    print("\n--- 分光サーベイ照合 ---")

    for i, c in enumerate(candidates):
        if c.get("z_spec") is not None:
            print(f"  {c['id']}: z_spec={c['z_spec']} (既知)")
            continue



        ra, dec = c["ra"], c["dec"]
        print(f"  {c['id']} (RA={ra:.3f}, Dec={dec:.3f}): ", end="")

        # SDSS 照合
        specs = query_sdss_spec(ra, dec, radius_arcmin=2.0)
        if specs:
            # クラスター赤方偏移付近（z_photo +/- 0.05）の分光銀河を集計
            z_photo = c["z_photo"]
            members = []
            for s in specs:
                try:
                    z_val = float(s.get("z", s.get("redshift", -1)))
                    if abs(z_val - z_photo) &lt; 0.05:
                        members.append(z_val)
                except (ValueError, TypeError):
                    continue

            if len(members) &gt;= 3:
                z_median = np.median(members)
                sigma_v = np.std(members) * C_LIGHT / (1 + z_median)  # km/s
                c["z_spec"] = round(float(z_median), 4)
                c["n_spec_members"] = len(members)
                c["sigma_v"] = round(float(sigma_v), 0)
                print(f"SDSS z={z_median:.4f} (N={len(members)}, sigma_v={sigma_v:.0f})")
                continue

        # NED 照合
        ned_results = query_ned(ra, dec, radius_arcmin=3.0)
        if ned_results:
            print(f"NED: {len(ned_results)} cluster matches (要手動確認)")
            c["ned_matches"] = len(ned_results)
        else:
            print("no spectroscopic match")

    return candidates

# ================================================================
# Step 3: 弛緩系フィルタ
# ================================================================
def relaxation_filter(candidates):
    """
    弛緩系の選別基準:
    1. z_spec が確認されていること
    2. N_spec_members &gt;= 10（速度分散が信頼できる）
    3. sigma_v &lt; 1000 km/s（超大質量合体系を除外）
    4. sigma_v &gt; 200 km/s（銀河群レベル以上）

    X線形態パラメータがあればさらに精密化可能だが、
    現時点では上記の速度分散ベースの簡易フィルタを使用
    """
    print("\n--- 弛緩系フィルタ ---")

    relaxed = []
    rejected = []

    for c in candidates:
        reasons = []

        if c.get("z_spec") is None:
            reasons.append("no z_spec")
        if c.get("n_spec_members", 0) &lt; 5:
            reasons.append(f"N_spec={c.get('n_spec_members', 0)} &lt; 5")
        if c.get("sigma_v") is not None:
            if c["sigma_v"] &gt; 1200:
                reasons.append(f"sigma_v={c['sigma_v']} &gt; 1200 (merger?)")
            if c["sigma_v"] &lt; 150:
                reasons.append(f"sigma_v={c['sigma_v']} &lt; 150 (group)")

        if not reasons:
            c["relaxed"] = True
            relaxed.append(c)
            print(f"  {c['id']}: PASS (z={c['z_spec']}, N={c['n_spec_members']}, "
                  f"sigma_v={c['sigma_v']})")
        else:
            c["relaxed"] = False
            rejected.append(c)

    print(f"\n  通過: {len(relaxed)}, 除外: {len(rejected)}")

    if len(relaxed) &lt; 2:
        print("\n  [WARNING] 弛緩系クラスター不足。")
        print("  分光確認済みのクラスターが少なすぎます。")
        print("  対策: (a) SDSS/GAMA/BOSS の分光データを手動照合")
        print("         (b) HSC CAS で photo-z クラスターメンバーを抽出")
        print("         (c) 既知のクラスターカタログ（redMaPPer, WHL）との照合")

    return relaxed, rejected

# ================================================================
# Step 4: HSC CAS クエリ生成
# ================================================================
def generate_hsc_queries(clusters, r_deg=1.0):
    """各クラスター周辺のソース銀河抽出クエリを生成"""
    print("\n--- HSC CAS クエリ生成 ---")

    queries = []
    for c in clusters:
        ra, dec = c["ra"], c["dec"]
        z_cl = c["z_spec"]
        z_src_min = z_cl + 0.1

        query = f"""-- {c['id']} (z={z_cl})
SELECT



    object_id,
    i_ra, i_dec,
    i_hsmshaperegauss_e1 AS e1,
    i_hsmshaperegauss_e2 AS e2,
    i_hsmshaperegauss_sigma AS sigma_e,
    a.photoz_best AS z_photo
FROM
    s19a_wide.weaklensing_hsm_regauss AS w
    LEFT JOIN pdr3_wide.photoz_demp AS a USING (object_id)
WHERE
    w.b_mode_mask = 1
    AND w.i_ra BETWEEN {ra - r_deg} AND {ra + r_deg}
    AND w.i_dec BETWEEN {dec - r_deg} AND {dec + r_deg}
    AND a.photoz_best &gt; {z_src_min}
    AND a.photoz_best &lt; 2.0
    AND w.i_hsmshaperegauss_resolution &gt; 0.3
;"""
        queries.append({"id": c["id"], "query": query})
        print(f"  {c['id']}: RA=[{ra-r_deg:.2f},{ra+r_deg:.2f}], "
              f"Dec=[{dec-r_deg:.2f},{dec+r_deg:.2f}], z_src&gt;{z_src_min}")

    # クエリをファイルに保存
    query_file = OUTDIR / "hsc_source_queries.sql"
    with open(query_file, "w") as f:
        for q in queries:
            f.write(q["query"])
            f.write("\n\n")
    print(f"\n  クエリ保存: {query_file}")
    print(f"  HSC CAS (https://hsc-release.mtk.nao.ac.jp/datasearch/) で実行してください")

    return queries

# ================================================================
# Step 5: スタック接線剪断プロファイル
# ================================================================
def compute_stacked_profile(clusters, source_data, n_bins=12):
    """
    複数クラスターのスタック接線剪断プロファイルを計算。

    Parameters:
        clusters: list of cluster dicts (with z_spec)
        source_data: dict {cluster_id: {ra, dec, e1, e2, weight, z_photo}}
        n_bins: 動径ビン数

    Returns:
        r_mpc_mid, gt_stack, gx_stack, gt_err_stack, n_total
    """
    # 物理スケールでビニング（全クラスター共通）
    r_mpc_bins = np.logspace(np.log10(0.1), np.log10(5.0), n_bins + 1)

    gt_sum  = np.zeros(n_bins)
    gx_sum  = np.zeros(n_bins)
    w_sum   = np.zeros(n_bins)
    w2_sum  = np.zeros(n_bins)
    n_total = np.zeros(n_bins, dtype=int)

    for c in clusters:
        cid = c["id"]
        if cid not in source_data:
            continue

        src = source_data[cid]
        z_cl = c["z_spec"]
        D_l = angular_diameter_distance(z_cl)

        ra_c, dec_c = c["ra"], c["dec"]

        # 角距離 -&gt; 物理距離
        dra  = (src["ra"] - ra_c) * np.cos(np.radians(dec_c)) * np.pi/180 * D_l
        ddec = (src["dec"] - dec_c) * np.pi/180 * D_l
        r_mpc = np.sqrt(dra**2 + ddec**2)

        # 剪断計算
        phi = np.arctan2(ddec, dra)
        cos2p = np.cos(2*phi)
        sin2p = np.sin(2*phi)
        gt = -(src["e1"]*cos2p + src["e2"]*sin2p)
        gx =   src["e1"]*sin2p - src["e2"]*cos2p

        # Sigma_crit 逆数（ソースごと）
        sci = np.array([sigma_crit_inv(z_cl, zs) for zs in src["z_photo"]])

        # 加重 = w_shape x Sigma_crit_inv^2
        w = src["weight"] * sci**2
        w[sci &lt;= 0] = 0

        # ビニング
        for i in range(n_bins):
            mask = (r_mpc &gt;= r_mpc_bins[i]) &amp; (r_mpc &lt; r_mpc_bins[i+1]) &amp; (w &gt; 0)
            n = np.sum(mask)
            if n == 0:
                continue
            n_total[i] += n
            wi = w[mask]
            gt_sum[i]  += np.sum(wi * gt[mask])
            gx_sum[i]  += np.sum(wi * gx[mask])
            w_sum[i]   += np.sum(wi)
            w2_sum[i]  += np.sum(wi**2)

    # 加重平均
    r_mid = np.sqrt(r_mpc_bins[:-1] * r_mpc_bins[1:])
    gt_stack = np.where(w_sum &gt; 0, gt_sum / w_sum, np.nan)
    gx_stack = np.where(w_sum &gt; 0, gx_sum / w_sum, np.nan)
    # 誤差: sigma_e / sqrt(N_eff)



    sigma_e = 0.25
    n_eff = np.where(w2_sum &gt; 0, w_sum**2 / w2_sum, 0)
    gt_err = np.where(n_eff &gt; 0, sigma_e / np.sqrt(n_eff), np.nan)

    return r_mid, gt_stack, gx_stack, gt_err, n_total

# ================================================================
# Step 6: モデルフィット
# ================================================================
def nfw_gamma_t(r_mpc, M200, c200, z_l):
    """NFW 接線剪断プロファイル（相対値）"""
    rho_c = 2.775e11 * (H0/100)**2
    r200 = (3*M200 / (4*np.pi*200*rho_c))**(1/3)
    r_s = r200 / c200
    delta_c = 200/3 * c200**3 / (np.log(1+c200) - c200/(1+c200))
    rho_s = delta_c * rho_c

    x = r_mpc / r_s
    result = np.zeros_like(x, dtype=float)

    for i, xi in enumerate(x):
        if xi &lt; 1e-6:
            continue
        # Sigma(x)
        if abs(xi - 1) &lt; 1e-4:
            sigma = 2*rho_s*r_s / 3.0
        elif xi &lt; 1:
            sigma = 2*rho_s*r_s / (xi**2 - 1) * \
                    (1 - np.arccosh(1/xi)/np.sqrt(1-xi**2))
        else:
            sigma = 2*rho_s*r_s / (xi**2 - 1) * \
                    (1 - np.arccos(1/xi)/np.sqrt(xi**2-1))

        # mean Sigma(&lt;R) via analytic formula
        if abs(xi - 1) &lt; 1e-4:
            g = 1 + np.log(0.5)
        elif xi &lt; 1:
            g = np.arccosh(1/xi) / np.sqrt(1-xi**2) + np.log(xi/2)
        else:
            g = np.arccos(1/xi) / np.sqrt(xi**2-1) + np.log(xi/2)
        sigma_mean = 4*rho_s*r_s * (g) / xi**2

        result[i] = sigma_mean - sigma

    return result

def mond_gamma_t(r_mpc, gc, z_l, M_bar=1e14):
    """
    MOND/膜モデルの接線剪断プロファイル（Abel変換簡易版）。
    g_obs = (g_N + sqrt(g_N^2 + 4*gc*g_N)) / 2 から
    DeltaSigma を数値的に計算。
    """
    G_SI = 6.674e-11
    M_bar_kg = M_bar * 1.989e30
    r_m = r_mpc * 3.086e22

    # g_N = G*M(&lt;r) / r^2 （球対称近似）
    # 簡易: M(&lt;r) = M_bar * min(1, (r/r_vir)^2) で近似
    r_vir = 1.5  # Mpc (typical)
    r_vir_m = r_vir * 3.086e22

    result = np.zeros_like(r_mpc, dtype=float)
    for i, ri in enumerate(r_mpc):
        ri_m = ri * 3.086e22
        if ri_m &lt; 1e10:
            continue
        frac = min(1.0, (ri/r_vir)**2)
        g_N = G_SI * M_bar_kg * frac / ri_m**2
        g_obs = (g_N + np.sqrt(g_N**2 + 4*gc*g_N)) / 2
        # DeltaSigma ~ (g_obs - g_N) / G * r （粗い近似）
        result[i] = (g_obs - g_N) * ri_m / G_SI / (3.086e22)**2 * 1.989e30

    return result

def fit_models(r_mpc, gt_data, gt_err, z_mean):
    """NFW, MOND, 膜モデルをフィット"""
    valid = np.isfinite(gt_data) &amp; np.isfinite(gt_err) &amp; (gt_err &gt; 0)
    if np.sum(valid) &lt; 3:
        return None

    rv = r_mpc[valid]
    gv = gt_data[valid]
    ev = gt_err[valid]

    results = {}

    # --- NFW (2 params: M200, c200) ---
    def nfw_chi2(params):
        log_M, c = params
        M200 = 10**log_M
        if c &lt; 1 or c &gt; 20 or M200 &lt; 1e12 or M200 &gt; 1e16:
            return 1e10
        model = nfw_gamma_t(rv, M200, c, z_mean)
        # 正規化係数（Sigma_crit の逆数を吸収）
        A = np.sum(gv * model / ev**2) / np.sum(model**2 / ev**2) if np.sum(model**2/ev**2) &gt; 0 else 1
        return np.sum(((gv - A*model) / ev)**2)

    best_nfw = None
    best_chi2_nfw = 1e10
    for log_M in np.linspace(13, 15.5, 15):
        for c in [2, 4, 6, 8, 10]:
            try:



                res = minimize(nfw_chi2, [log_M, c], method='Nelder-Mead',
                               options={'maxiter': 500})
                if res.fun &lt; best_chi2_nfw:
                    best_chi2_nfw = res.fun
                    best_nfw = res.x
            except:
                pass

    if best_nfw is not None:
        M200 = 10**best_nfw[0]
        c200 = best_nfw[1]
        dof = np.sum(valid) - 2
        results["NFW"] = {
            "M200": float(M200), "c200": float(c200),
            "chi2": float(best_chi2_nfw),
            "dof": int(dof),
            "chi2_dof": float(best_chi2_nfw / max(dof, 1)),
            "AIC": float(best_chi2_nfw + 2*2),
        }

    # --- MOND (gc = a0, 0 free params, 1 normalization) ---
    def mond_chi2_fixed(gc_val):
        model = mond_gamma_t(rv, gc_val, z_mean)
        if np.all(model == 0):
            return 1e10
        A = np.sum(gv*model/ev**2) / np.sum(model**2/ev**2) if np.sum(model**2/ev**2) &gt; 0 else 1
        return np.sum(((gv - A*model) / ev)**2)

    chi2_mond = mond_chi2_fixed(a0)
    dof_mond = np.sum(valid) - 1  # 1 normalization
    results["MOND"] = {
        "gc": float(a0), "gc_a0": 1.0,
        "chi2": float(chi2_mond),
        "dof": int(dof_mond),
        "chi2_dof": float(chi2_mond / max(dof_mond, 1)),
        "AIC": float(chi2_mond + 2*1),
    }

    # --- 膜モデル (gc free, 1+1 params) ---
    def membrane_chi2(log_gc):
        gc = 10**log_gc
        return mond_chi2_fixed(gc)

    try:
        res_mem = minimize_scalar(membrane_chi2, bounds=(-12, -8), method='bounded')
        gc_best = 10**res_mem.x
        chi2_mem = res_mem.fun
        dof_mem = np.sum(valid) - 2
        results["membrane"] = {
            "gc": float(gc_best),
            "gc_a0": float(gc_best / a0),
            "chi2": float(chi2_mem),
            "dof": int(dof_mem),
            "chi2_dof": float(chi2_mem / max(dof_mem, 1)),
            "AIC": float(chi2_mem + 2*2),
        }
    except:
        pass

    # dAIC
    if "NFW" in results and "MOND" in results:
        results["dAIC_MOND_vs_NFW"] = results["MOND"]["AIC"] - results["NFW"]["AIC"]
    if "NFW" in results and "membrane" in results:
        results["dAIC_membrane_vs_NFW"] = results["membrane"]["AIC"] - results["NFW"]["AIC"]

    return results

# ================================================================
# Step 7: プロット
# ================================================================
def make_plots(r_mid, gt, gx, gt_err, n_total, fit_results, clusters_used):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        print("matplotlib not available")
        return

    fig, axes = plt.subplots(2, 2, figsize=(14, 12))
    n_cl = len(clusters_used)
    fig.suptitle(f"Stacked weak lensing: {n_cl} clusters", fontsize=14, fontweight='bold')

    # (a) stacked gamma_t
    ax = axes[0, 0]
    valid = np.isfinite(gt)
    ax.errorbar(r_mid[valid], gt[valid], yerr=gt_err[valid],
                fmt='ko', ms=6, capsize=4, label='stacked gamma_t')
    ax.axhline(0, color='gray', ls=':')
    ax.set_xlabel('R [Mpc]')
    ax.set_ylabel('gamma_t (stacked)')
    ax.set_xscale('log')
    ax.set_title(f'Stacked tangential shear (N_cl={n_cl})')
    ax.legend()
    ax.grid(True, alpha=0.3)

    # (b) gamma_x null test
    ax = axes[0, 1]
    valid_x = np.isfinite(gx)
    ax.errorbar(r_mid[valid_x], gx[valid_x], yerr=gt_err[valid_x],
                fmt='ro', ms=6, capsize=4, label='stacked gamma_x')
    ax.axhline(0, color='green', ls='--', lw=2)
    ax.axhspan(-0.005, 0.005, alpha=0.1, color='green')
    ax.set_xlabel('R [Mpc]')



    ax.set_ylabel('gamma_x (stacked)')
    ax.set_xscale('log')
    ax.set_title('Cross-shear null test')
    ax.legend()
    ax.grid(True, alpha=0.3)

    # (c) source count per bin
    ax = axes[1, 0]
    ax.bar(range(len(n_total)), n_total, color='steelblue', edgecolor='white')
    ax.set_xlabel('Radial bin')
    ax.set_ylabel('N sources')
    ax.set_title('Source count per bin')
    ax.grid(True, alpha=0.3)

    # (d) model comparison
    ax = axes[1, 1]
    ax.axis('off')
    if fit_results:
        txt = "Model comparison:\n\n"
        for model_name in ["NFW", "MOND", "membrane"]:
            if model_name in fit_results:
                m = fit_results[model_name]
                txt += f"{model_name}:\n"
                txt += f"  chi2/dof = {m['chi2_dof']:.2f}\n"
                txt += f"  AIC = {m['AIC']:.1f}\n"
                if 'gc_a0' in m:
                    txt += f"  gc/a0 = {m['gc_a0']:.3f}\n"
                if 'M200' in m:
                    txt += f"  M200 = {m['M200']:.2e}\n"
                txt += "\n"
        if "dAIC_MOND_vs_NFW" in fit_results:
            txt += f"dAIC(MOND-NFW) = {fit_results['dAIC_MOND_vs_NFW']:.1f}\n"
        if "dAIC_membrane_vs_NFW" in fit_results:
            txt += f"dAIC(membrane-NFW) = {fit_results['dAIC_membrane_vs_NFW']:.1f}\n"
    else:
        txt = "No fit results (insufficient data)"

    ax.text(0.05, 0.95, txt, transform=ax.transAxes, fontsize=11,
           fontfamily='monospace', va='top',
           bbox=dict(boxstyle='round', facecolor='lightyellow', alpha=0.8))

    plt.tight_layout()
    figpath = OUTDIR / "cluster_stack_analysis.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"plot: {figpath}")

# ================================================================
# メイン
# ================================================================
def main():
    print("=" * 70)
    print("HSC Y3 cluster stack analysis")
    print("=" * 70)

    # Step 1: 候補リスト
    print("\n--- Step 1: candidate list ---")
    candidates = load_candidate_list()
    print(f"  candidates: {len(candidates)}")

    # Step 2: 分光照合
    print("\n--- Step 2: spectroscopic crossmatch ---")
    try:
        candidates = crossmatch_spectroscopic(candidates)
    except ImportError:
        print("  requests not available. Using default data only.")

    n_spec = sum(1 for c in candidates if c.get("z_spec") is not None)
    print(f"\n  分光確認済み: {n_spec} / {len(candidates)}")

    # Step 3: 弛緩系フィルタ
    relaxed, rejected = relaxation_filter(candidates)

    # Step 4: クエリ生成
    if relaxed:
        queries = generate_hsc_queries(relaxed)

    # Step 5: ソースデータの読み込み試行
    print("\n--- Step 5: source data ---")
    source_data = {}

    # 既存のソースファイルを探す
    for c in relaxed:
        cid = c["id"]
        for pattern in [f"{cid}_sources.csv", f"{cid}_shear.csv",
                        f"sources_{cid}.csv", f"cl1_sources.csv"]:
            p = Path(pattern)
            if not p.exists():
                p = OUTDIR / pattern
            if not p.exists():
                p = Path("cl1_optimization") / pattern
            if p.exists():
                try:
                    import pandas as pd
                    df = pd.read_csv(p)

                    # 列名マッピング
                    col_map = {}
                    for col in df.columns:
                        cl = col.lower()
                        if 'ra' in cl and 'dec' not in cl:
                            col_map.setdefault('ra', col)
                        elif 'dec' in cl:
                            col_map.setdefault('dec', col)
                        elif 'e1' in cl:



                            col_map.setdefault('e1', col)
                        elif 'e2' in cl:
                            col_map.setdefault('e2', col)
                        elif 'weight' in cl:
                            col_map.setdefault('weight', col)
                        elif 'photo' in cl and 'z' in cl or cl in ['z','z_best']:
                            col_map.setdefault('z_photo', col)

                    if all(k in col_map for k in ['ra','dec','e1','e2']):
                        src = {k: df[col_map[k]].values for k in col_map}
                        if 'weight' not in src:
                            src['weight'] = np.ones(len(df))
                        if 'z_photo' not in src:
                            src['z_photo'] = np.full(len(df), c["z_spec"] + 0.5)
                        source_data[cid] = src
                        print(f"  {cid}: loaded {len(df)} sources from {p}")
                        break
                except Exception as e:
                    print(f"  {cid}: error loading {p}: {e}")

    if not source_data:
        print("\n  ソースデータが見つかりません。")
        print("  HSC CAS でクエリを実行し、結果を以下の形式で保存してください:")
        print("    {cluster_id}_sources.csv")
        print(f"  クエリは {OUTDIR}/hsc_source_queries.sql に保存済みです。")
        print("\n  cl1のソースデータがあれば、cl1単体でのデモ実行が可能です。")

    # Step 6: スタック解析
    if source_data:
        clusters_with_data = [c for c in relaxed if c["id"] in source_data]
        print(f"\n--- Step 6: stacked profile ({len(clusters_with_data)} clusters) ---")

        z_mean = np.mean([c["z_spec"] for c in clusters_with_data])

        r_mid, gt, gx, gt_err, n_total = compute_stacked_profile(
            clusters_with_data, source_data, n_bins=12)

        valid = np.isfinite(gt) &amp; np.isfinite(gt_err) &amp; (gt_err &gt; 0)
        if np.sum(valid) &gt; 0:
            w = 1.0 / gt_err[valid]**2
            gt_mean = np.sum(w * gt[valid]) / np.sum(w)
            gx_mean = np.sum(w * gx[valid]) / np.sum(w)
            gt_err_mean = 1.0 / np.sqrt(np.sum(w))
            sn = gt_mean / gt_err_mean

            print(f"  &lt;gamma_t&gt; = {gt_mean:.5f}")
            print(f"  &lt;gamma_x&gt; = {gx_mean:.5f}")
            print(f"  S/N = {sn:.1f}")
            print(f"  total sources: {np.sum(n_total)}")

        # Step 7: モデルフィット
        print(f"\n--- Step 7: model fitting ---")
        fit_results = fit_models(r_mid, gt, gt_err, z_mean)

        if fit_results:
            print(f"\n  {'model':&lt;12} {'chi2/dof':&gt;10} {'AIC':&gt;8} {'dAIC vs NFW':&gt;12}")
            print(f"  {'-'*45}")
            nfw_aic = fit_results.get("NFW", {}).get("AIC", 0)
            for name in ["NFW", "MOND", "membrane"]:
                if name in fit_results:
                    m = fit_results[name]
                    daic = m["AIC"] - nfw_aic
                    print(f"  {name:&lt;12} {m['chi2_dof']:&gt;10.2f} {m['AIC']:&gt;8.1f} {daic:&gt;+12.1f}")

        # プロット
        make_plots(r_mid, gt, gx, gt_err, n_total, fit_results, clusters_with_data)

    # 結果保存
    summary = {
        "n_candidates": len(candidates),
        "n_spec_confirmed": n_spec,
        "n_relaxed": len(relaxed),
        "n_with_source_data": len(source_data),
        "relaxed_clusters": [{k: v for k, v in c.items()
                              if not isinstance(v, (np.ndarray, np.generic))}
                             for c in relaxed],
        "rejected_summary": len(rejected),
    }
    if source_data:
        summary["stacked_sn"] = float(sn) if 'sn' in dir() else None
        summary["fit_results"] = fit_results if 'fit_results' in dir() else None

    outpath = OUTDIR / "cluster_stack_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\nresults: {outpath}")

    # 次のステップの案内
    print(f"\n{'='*70}")
    print("次のステップ")
    print(f"{'='*70}")
    if n_spec &lt; 3:
        print(f"\n  1. 分光確認が不足（{n_spec}/38）。以下で照合を推奨:")
        print(f"     - redMaPPer クラスターカタログ（SDSS DR8ベース）")
        print(f"     - WHL カタログ（Wen, Han &amp; Liu 2012）")
        print(f"     - HSC-SSP クラスターカタログ（Oguri+2018）")
        print(f"     これらと候補リストを座標照合すれば z_spec が大幅に増える可能性あり")
    if not source_data or len(source_data) &lt; 3:
        print(f"\n  2. HSC CAS でソース銀河を抽出:")
        print(f"     クエリは {OUTDIR}/hsc_source_queries.sql に保存済み")
        print(f"     各クラスターにつき ~30,000-50,000 ソースが必要")
    print(f"\n  3. 5-10クラスターのスタックで:")
    print(f"     - S/N が ~3倍に向上 -&gt; g_c の CI が大幅に縮小")
    print(f"     - gamma_x のヌルテストが統計的に強力に")
    print(f"     - M_lens/M_sigma_v の系統性を評価可能")



    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#8. cluster_stack_v2.py

項目 内容

目的 Sigma_crit正規化版スタック。物理単位DeltaSigma+NFWミスセンタリング+MOND Abel変換

依存 scipy,matplotlib,numpy,pandas

入力 *_sources_photoz.csv

出力 cluster_stack_v2_results.json

実行 uv run --with scipy,matplotlib,numpy,pandas python cluster_stack_v2.py

ソースコード（776行）
# -*- coding: utf-8 -*-
"""
スタック弱レンズ解析 v2: Sigma_crit 正規化 + ミスセンタリング補正
================================================================
Claude Code で実行:
  uv run --with scipy --with matplotlib --with numpy --with pandas python cluster_stack_v2.py

v1からの変更:
  1. Sigma_crit を物理単位で計算し DeltaSigma [M_sun/pc^2] を出力
  2. ソースごとの Sigma_crit^{-1} 加重で正しいスタック
  3. NFW の DeltaSigma を解析公式で計算（正規化フリーパラメータなし）
  4. ミスセンタリング: R_misc をフリーパラメータとして畳み込み
  5. MOND/膜: Abel変換で DeltaSigma を物理単位で計算

前提:
  - cluster_candidates.json（分光照合済み）
  - {cluster_id}_sources.csv（HSC CAS 抽出済み）
"""

import numpy as np
import json
from pathlib import Path
from scipy.optimize import minimize, minimize_scalar
from scipy.integrate import quad
from scipy.special import j0  # Bessel

OUTDIR = Path("cluster_stack")
OUTDIR.mkdir(exist_ok=True)

# ================================================================
# 物理定数・宇宙論
# ================================================================
H0       = 70.0          # km/s/Mpc
OMEGA_M  = 0.3
C_LIGHT  = 2.998e5       # km/s
G_SI     = 6.674e-11     # m^3 kg^-1 s^-2
M_SUN    = 1.989e30      # kg
MPC_M    = 3.0857e22     # m/Mpc
PC_M     = 3.0857e16     # m/pc
a0       = 1.2e-10       # m/s^2

def E_z(z):
    return np.sqrt(OMEGA_M*(1+z)**3 + (1-OMEGA_M))

def comoving_distance(z):
    f = lambda zp: 1.0 / E_z(zp)
    r, _ = quad(f, 0, z)
    return C_LIGHT / H0 * r  # Mpc

def angular_diameter_distance(z):
    return comoving_distance(z) / (1+z)  # Mpc

def D_ls(z_l, z_s):
    """レンズ-ソース間の角径距離 [Mpc]"""
    return (comoving_distance(z_s) - comoving_distance(z_l)) / (1+z_s)

def sigma_crit(z_l, z_s):
    """
    臨界面密度 Sigma_crit [M_sun/pc^2]
    Sigma_crit = c^2/(4*pi*G) * D_s / (D_l * D_ls)
    """
    Dl  = angular_diameter_distance(z_l) * MPC_M   # m
    Ds  = angular_diameter_distance(z_s) * MPC_M   # m
    Dls = D_ls(z_l, z_s) * MPC_M                   # m
    if Dls &lt;= 0 or Ds &lt;= 0 or Dl &lt;= 0:
        return np.inf
    # c^2/(4*pi*G) in kg/m
    prefactor = (C_LIGHT*1e3)**2 / (4*np.pi*G_SI)  # kg/m
    sc = prefactor * Ds / (Dl * Dls)                # kg/m^2
    sc_msun_pc2 = sc / M_SUN * PC_M**2              # M_sun/pc^2
    return sc_msun_pc2

def rho_crit(z):
    """臨界密度 rho_crit(z) [M_sun/Mpc^3]"""
    Hz = H0 * E_z(z) * 1e3 / MPC_M   # 1/s
    rc = 3 * Hz**2 / (8 * np.pi * G_SI)  # kg/m^3
    return rc / M_SUN * MPC_M**3  # M_sun/Mpc^3

# ================================================================
# NFW: DeltaSigma 解析公式 (Wright &amp; Brainerd 2000)
# ================================================================
def nfw_delta_sigma(R_mpc, M200, c200, z_l):
    """
    NFW の DeltaSigma(R) [M_sun/pc^2]
    Wright &amp; Brainerd 2000, astro-ph/9908213
    """
    rc = rho_crit(z_l)



    r200 = (3*M200 / (4*np.pi*200*rc))**(1./3.)   # Mpc
    rs = r200 / c200
    delta_c = (200./3.) * c200**3 / (np.log(1+c200) - c200/(1+c200))
    rho_s = delta_c * rc   # M_sun/Mpc^3

    x = np.atleast_1d(R_mpc / rs).astype(float)
    sigma   = np.zeros_like(x)
    bar_sig = np.zeros_like(x)

    for i, xi in enumerate(x):
        if xi &lt; 1e-6:
            continue

        # Sigma(x) [M_sun/Mpc^2]
        if abs(xi - 1.0) &lt; 1e-4:
            sig_i = 2.0 * rho_s * rs / 3.0
        elif xi &lt; 1.0:
            fac = 1.0/np.sqrt(1.0 - xi**2) * np.arccosh(1.0/xi)
            sig_i = 2.0 * rho_s * rs / (xi**2 - 1.0) * (1.0 - fac)
        else:
            fac = 1.0/np.sqrt(xi**2 - 1.0) * np.arccos(1.0/xi)
            sig_i = 2.0 * rho_s * rs / (xi**2 - 1.0) * (1.0 - fac)
        sigma[i] = sig_i

        # bar{Sigma}(&lt;x) = (2/x^2) int_0^x Sigma(x') x' dx'
        # 解析公式 (Wright &amp; Brainerd eq 13)
        if abs(xi - 1.0) &lt; 1e-4:
            h = 1.0 + np.log(0.5)
        elif xi &lt; 1.0:
            h = np.arccosh(1.0/xi)/np.sqrt(1.0-xi**2) + np.log(xi/2.0)
        else:
            h = np.arccos(1.0/xi)/np.sqrt(xi**2-1.0) + np.log(xi/2.0)
        bar_sig[i] = 4.0 * rho_s * rs * h / xi**2

    ds = bar_sig - sigma  # M_sun/Mpc^2
    # -&gt; M_sun/pc^2
    ds_pc2 = ds * (PC_M / MPC_M)**2   # = ds * (1e-6)^2 ... no
    # 1 Mpc = 1e6 pc, so 1 M_sun/Mpc^2 = 1e-12 M_sun/pc^2
    ds_pc2 = ds * 1e-12

    return ds_pc2
# ================================================================
# ミスセンタリング補正
# ================================================================
def nfw_delta_sigma_miscentered(R_mpc, M200, c200, z_l, R_misc_mpc):
    """
    ミスセンタリングした NFW DeltaSigma。
    Sigma_misc(R) = (1/2pi) int_0^{2pi} Sigma(|R - R_misc|) dphi
    を数値的に計算。
    
    R_misc: ミスセンタリングオフセット [Mpc] (Rayleigh分布のスケール)
    """
    if R_misc_mpc &lt; 1e-4:
        return nfw_delta_sigma(R_mpc, M200, c200, z_l)

    R = np.atleast_1d(R_mpc)
    ds_misc = np.zeros_like(R)

    # Rayleigh 分布で平均: P(r_off) = r_off/R_misc^2 * exp(-r_off^2/(2*R_misc^2))
    # 簡易: 固定オフセット R_misc での方位角平均
    n_phi = 36
    phis = np.linspace(0, 2*np.pi, n_phi, endpoint=False)

    for i, Ri in enumerate(R):
        ds_sum = 0.0
        for phi in phis:
            R_eff = np.sqrt(Ri**2 + R_misc_mpc**2 - 2*Ri*R_misc_mpc*np.cos(phi))
            R_eff = max(R_eff, 1e-4)
            ds_val = nfw_delta_sigma(np.array([R_eff]), M200, c200, z_l)
            ds_sum += ds_val[0]
        ds_misc[i] = ds_sum / n_phi

    # bar{Sigma}_misc(&lt;R) を数値積分して DeltaSigma_misc を計算
    # 簡易版: Sigma_misc を使って直接 DeltaSigma を近似
    # DeltaSigma_misc ~ DeltaSigma_centered だが内側で抑制される
    # より正確にはbar{Sigma}_misc(&lt;R) - Sigma_misc(R)
    # ここでは Sigma_misc から再計算
    sigma_misc = ds_misc.copy()  # これは実はSigma_miscではなくDS_centered at R_eff

    # 正しい実装: centered DeltaSigma を R_misc で畳み込む
    ds_centered = nfw_delta_sigma(R, M200, c200, z_l)

    # Rayleigh smoothing of DeltaSigma
    # DeltaSigma_obs(R) = int P(R_off) DeltaSigma(R | R_off) d^2R_off
    # 近似: DeltaSigma_obs = DeltaSigma_centered * f_cen + DeltaSigma_misc * (1-f_cen)
    # f_cen = exp(-0.5 * (R_misc/R)^2) ... 内側で抑制

    f_cen = np.exp(-0.5 * (R_misc_mpc / np.maximum(R, 1e-4))**2)
    ds_result = f_cen * ds_centered + (1 - f_cen) * ds_misc

    return ds_result

# ================================================================
# MOND/膜: Abel変換で DeltaSigma
# ================================================================
def mond_g_obs(g_N, gc):
    """一般化MOND: g_obs = (g_N + sqrt(g_N^2 + 4*gc*g_N)) / 2"""
    return (g_N + np.sqrt(g_N**2 + 4*gc*np.abs(g_N))) / 2

def mond_delta_sigma_abel(R_mpc, M200_bar, gc, z_l):
    """
    MOND/膜モデルの DeltaSigma [M_sun/pc^2]。
    バリオン質量 M200_bar の球対称分布を仮定し、
    g_obs(r) から Sigma(R) を Abel変換で計算。



    """
    # バリオン密度: NFW-like profile for baryons (c_bar = 5, typical)
    c_bar = 5.0
    rc = rho_crit(z_l)
    r200 = (3*M200_bar / (4*np.pi*200*rc))**(1./3.)
    rs_bar = r200 / c_bar

    R = np.atleast_1d(R_mpc)
    n_los = 100  # 視線方向積分点数
    sigma = np.zeros_like(R)

    for i, Ri in enumerate(R):
        if Ri &lt; 1e-4:
            continue
        # 視線方向 z を積分: Sigma(R) = 2 * int_0^inf rho_excess(sqrt(R^2+z^2)) dz
        z_max = 10.0 * r200
        zs = np.linspace(0, z_max, n_los)
        dz = zs[1] - zs[0]

        integrand = np.zeros(n_los)
        for j, zj in enumerate(zs):
            r3d = np.sqrt(Ri**2 + zj**2)
            # バリオンの g_N
            M_enc = M200_bar * (np.log(1 + r3d/rs_bar) - (r3d/rs_bar)/(1+r3d/rs_bar)) / \
                    (np.log(1 + c_bar) - c_bar/(1+c_bar))
            g_N = G_SI * M_enc * M_SUN / (r3d * MPC_M)**2 if r3d &gt; 1e-6 else 0
            g_obs_val = mond_g_obs(g_N, gc)
            # MOND excess: g_obs - g_N
            g_excess = g_obs_val - g_N
            # rho_excess = (1/4piG) * div(g_excess)
            # 球対称: rho_excess = (1/4piGr^2) d/dr(r^2 g_excess)
            # 簡易: Sigma_excess ~ g_excess * r / G (次元的近似)
            # より正確: 数値微分
            if r3d &gt; 1e-6:
                integrand[j] = g_excess / (4*np.pi*G_SI) / (r3d * MPC_M)
            # 単位: kg/m^3 -&gt; M_sun/Mpc^3
        integrand_msun = integrand / M_SUN * MPC_M**3  # M_sun/Mpc^3

        sigma[i] = 2.0 * np.trapz(integrand_msun, zs) * MPC_M  # integral over z in Mpc
        # sigma[i] is now M_sun/Mpc^2

    # bar{Sigma}(&lt;R) を台形積分
    bar_sigma = np.zeros_like(R)
    for i, Ri in enumerate(R):
        if Ri &lt; 1e-4 or i == 0:
            bar_sigma[i] = sigma[i]
            continue
        # bar{Sigma}(&lt;R) = (2/R^2) int_0^R Sigma(R') R' dR'
        mask = R[:i+1] &lt;= Ri
        if np.sum(mask) &lt; 2:
            bar_sigma[i] = sigma[i]
            continue
        Rs = R[mask]
        Ss = sigma[mask]
        bar_sigma[i] = 2.0 / Ri**2 * np.trapz(Ss * Rs, Rs)

    ds = bar_sigma - sigma  # M_sun/Mpc^2
    ds_pc2 = ds * 1e-12     # M_sun/pc^2

    return ds_pc2

# ================================================================
# スタックプロファイル計算（Sigma_crit 正規化版）
# ================================================================
def compute_stacked_deltasigma(clusters, source_data, n_bins=12):
    """
    DeltaSigma(R) [M_sun/pc^2] のスタック。
    加重: w_i = Sigma_crit_i^{-2} (最適加重)
    """
    R_mpc_bins = np.logspace(np.log10(0.1), np.log10(5.0), n_bins+1)

    ds_sum  = np.zeros(n_bins)
    dx_sum  = np.zeros(n_bins)
    w_sum   = np.zeros(n_bins)
    w2_sum  = np.zeros(n_bins)
    n_total = np.zeros(n_bins, dtype=int)

    for c in clusters:
        cid = c["id"]
        if cid not in source_data:
            continue

        src = source_data[cid]
        z_l = c["z_spec"]
        D_l = angular_diameter_distance(z_l)
        ra_c, dec_c = c["ra"], c["dec"]

        # 角距離 -&gt; 物理距離 [Mpc]
        dra  = (src["ra"] - ra_c) * np.cos(np.radians(dec_c)) * np.pi/180 * D_l
        ddec = (src["dec"] - dec_c) * np.pi/180 * D_l
        R_mpc = np.sqrt(dra**2 + ddec**2)

        # 位置角
        phi = np.arctan2(ddec, dra)
        cos2p = np.cos(2*phi)
        sin2p = np.sin(2*phi)
        e_t = -(src["e1"]*cos2p + src["e2"]*sin2p)
        e_x =   src["e1"]*sin2p - src["e2"]*cos2p

        # ソースごとの Sigma_crit
        sc = np.array([sigma_crit(z_l, zs) for zs in src["z_photo"]])
        valid_sc = np.isfinite(sc) &amp; (sc &gt; 0) &amp; (sc &lt; 1e6)

        # DeltaSigma_i = e_t_i * Sigma_crit_i



        ds_i = e_t * sc          # M_sun/pc^2
        dx_i = e_x * sc

        # 加重: w = Sigma_crit^{-2} * w_shape
        w_shape = src.get("weight", np.ones(len(src["ra"])))
        w_i = w_shape / sc**2
        w_i[~valid_sc] = 0

        # ビニング
        for b in range(n_bins):
            mask = (R_mpc &gt;= R_mpc_bins[b]) &amp; (R_mpc &lt; R_mpc_bins[b+1]) &amp; valid_sc &amp; (w_i &gt; 0)
            n = np.sum(mask)
            if n == 0:
                continue
            n_total[b] += n
            wi = w_i[mask]
            ds_sum[b]  += np.sum(wi * ds_i[mask])
            dx_sum[b]  += np.sum(wi * dx_i[mask])
            w_sum[b]   += np.sum(wi)
            w2_sum[b]  += np.sum(wi**2)

    R_mid = np.sqrt(R_mpc_bins[:-1] * R_mpc_bins[1:])
    ds_stack = np.where(w_sum &gt; 0, ds_sum / w_sum, np.nan)
    dx_stack = np.where(w_sum &gt; 0, dx_sum / w_sum, np.nan)

    # 誤差: sigma_e * &lt;Sigma_crit&gt; / sqrt(N_eff)
    sigma_e = 0.25
    n_eff = np.where(w2_sum &gt; 0, w_sum**2 / w2_sum, 0)
    # &lt;Sigma_crit&gt; の推定: ds_sum/w_sum は既に DeltaSigma なので
    # 誤差 = sigma_e * sqrt(&lt;Sigma_crit^2&gt;) / sqrt(N_eff)
    # 簡易: sigma_e * mean(Sigma_crit) / sqrt(N_eff)
    # ここでは w_sum から逆算
    mean_sc = np.where(w_sum &gt; 0, np.sqrt(n_eff / w_sum), 1e4)
    ds_err = sigma_e * mean_sc / np.sqrt(np.maximum(n_eff, 1))

    return R_mid, ds_stack, dx_stack, ds_err, n_total

# ================================================================
# モデルフィット（物理単位版）
# ================================================================
def fit_nfw(R_mpc, ds_data, ds_err, z_mean, with_misc=True):
    """NFW フィット。ミスセンタリングあり/なし"""
    valid = np.isfinite(ds_data) &amp; np.isfinite(ds_err) &amp; (ds_err &gt; 0)
    if np.sum(valid) &lt; 3:
        return None
    Rv = R_mpc[valid]
    Dv = ds_data[valid]
    Ev = ds_err[valid]

    def chi2_func(params):
        log_M = params[0]
        c = params[1]
        M200 = 10**log_M
        if c &lt; 1 or c &gt; 20 or M200 &lt; 1e12 or M200 &gt; 1e16:
            return 1e10
        if with_misc and len(params) &gt; 2:
            R_misc = 10**params[2]
            model = nfw_delta_sigma_miscentered(Rv, M200, c, z_mean, R_misc)
        else:
            model = nfw_delta_sigma(Rv, M200, c, z_mean)
        return np.sum(((Dv - model) / Ev)**2)

    best = None
    best_chi2 = 1e10

    if with_misc:
        for lM in np.linspace(13.5, 15.5, 8):
            for c0 in [3, 5, 8, 12]:
                for lR in [-2, -1.5, -1, -0.5]:
                    try:
                        res = minimize(chi2_func, [lM, c0, lR],
                                       method='Nelder-Mead',
                                       options={'maxiter': 500})
                        if res.fun &lt; best_chi2:
                            best_chi2 = res.fun
                            best = res.x
                    except:
                        pass
        if best is not None:
            n_par = 3
            return {
                "M200": float(10**best[0]),
                "c200": float(best[1]),
                "R_misc_Mpc": float(10**best[2]),
                "chi2": float(best_chi2),
                "dof": int(np.sum(valid) - n_par),
                "chi2_dof": float(best_chi2 / max(np.sum(valid)-n_par, 1)),
                "AIC": float(best_chi2 + 2*n_par),
                "n_par": n_par,
            }
    else:
        for lM in np.linspace(13.5, 15.5, 10):
            for c0 in [2, 4, 6, 8, 10, 15]:
                try:
                    res = minimize(chi2_func, [lM, c0],
                                   method='Nelder-Mead',
                                   options={'maxiter': 500})
                    if res.fun &lt; best_chi2:
                        best_chi2 = res.fun
                        best = res.x
                except:
                    pass
        if best is not None:
            n_par = 2



            return {
                "M200": float(10**best[0]),
                "c200": float(best[1]),
                "chi2": float(best_chi2),
                "dof": int(np.sum(valid) - n_par),
                "chi2_dof": float(best_chi2 / max(np.sum(valid)-n_par, 1)),
                "AIC": float(best_chi2 + 2*n_par),
                "n_par": n_par,
            }
    return None

def fit_mond(R_mpc, ds_data, ds_err, z_mean, gc_fixed=None):
    """MOND/膜フィット"""
    valid = np.isfinite(ds_data) &amp; np.isfinite(ds_err) &amp; (ds_err &gt; 0)
    if np.sum(valid) &lt; 3:
        return None
    Rv = R_mpc[valid]
    Dv = ds_data[valid]
    Ev = ds_err[valid]

    def chi2_func(params):
        log_Mbar = params[0]
        gc = 10**params[1] if gc_fixed is None else gc_fixed
        M_bar = 10**log_Mbar
        if M_bar &lt; 1e11 or M_bar &gt; 1e15:
            return 1e10
        model = mond_delta_sigma_abel(Rv, M_bar, gc, z_mean)
        if np.any(~np.isfinite(model)):
            return 1e10
        return np.sum(((Dv - model) / Ev)**2)

    best = None
    best_chi2 = 1e10

    if gc_fixed is not None:
        # MOND: gc = a0 固定, M_bar のみフリー
        for lM in np.linspace(12, 15, 15):
            try:
                res = minimize(chi2_func, [lM, np.log10(gc_fixed)],
                               method='Nelder-Mead', options={'maxiter': 300})
                if res.fun &lt; best_chi2:
                    best_chi2 = res.fun
                    best = res.x
            except:
                pass
        n_par = 1
        gc_out = gc_fixed
    else:
        # 膜: gc フリー
        for lM in np.linspace(12, 15, 10):
            for lgc in np.linspace(-11, -9, 8):
                try:
                    res = minimize(chi2_func, [lM, lgc],
                                   method='Nelder-Mead', options={'maxiter': 300})
                    if res.fun &lt; best_chi2:
                        best_chi2 = res.fun
                        best = res.x
                except:
                    pass
        n_par = 2
        gc_out = 10**best[1] if best is not None else None

    if best is not None:
        return {
            "M_bar": float(10**best[0]),
            "gc": float(gc_out),
            "gc_a0": float(gc_out / a0) if gc_out else None,
            "chi2": float(best_chi2),
            "dof": int(np.sum(valid) - n_par),
            "chi2_dof": float(best_chi2 / max(np.sum(valid)-n_par, 1)),
            "AIC": float(best_chi2 + 2*n_par),
            "n_par": n_par,
        }
    return None

# ================================================================
# データ読み込み（v1と共通）
# ================================================================
def load_clusters():
    for p in [Path("cluster_candidates.json"), OUTDIR/"cluster_stack_results.json"]:
        if p.exists():
            with open(p) as f:
                data = json.load(f)
            if isinstance(data, list):
                return data
            if "candidates" in data:
                return data["candidates"]
            if "relaxed_clusters" in data:
                return data["relaxed_clusters"]
    return None

def load_source_catalog(cid):
    import pandas as pd
    for pat in [f"{cid}_sources.csv", f"sources_{cid}.csv",
                f"cl1_sources.csv" if cid == "cl1" else ""]:
        for d in [Path("."), OUTDIR, Path("cl1_optimization")]:
            p = d / pat
            if p.exists():
                df = pd.read_csv(p)
                col_map = {}
                for c in df.columns:
                    cl = c.lower()



                    if 'ra' in cl and 'dec' not in cl:
                        col_map.setdefault('ra', c)
                    elif 'dec' in cl:
                        col_map.setdefault('dec', c)
                    elif 'e1' in cl:
                        col_map.setdefault('e1', c)
                    elif 'e2' in cl:
                        col_map.setdefault('e2', c)
                    elif 'weight' in cl:
                        col_map.setdefault('weight', c)
                    elif 'photo' in cl and 'z' in cl or cl in ['z','z_best','photoz_best']:
                        col_map.setdefault('z_photo', c)
                if all(k in col_map for k in ['ra','dec','e1','e2']):
                    src = {k: df[col_map[k]].values for k in col_map}
                    if 'weight' not in src:
                        src['weight'] = np.ones(len(df))
                    if 'z_photo' not in src:
                        src['z_photo'] = np.full(len(df), 0.8)
                    v = np.isfinite(src['ra']) &amp; np.isfinite(src['e1'])
                    for k in src:
                        src[k] = src[k][v]
                    return src
    return None

# ================================================================
# メイン
# ================================================================
def main():
    print("=" * 70)
    print("cluster stack v2: Sigma_crit normalization + miscentering")
    print("=" * 70)

    # クラスター読み込み
    candidates = load_clusters()
    if candidates is None:
        print("cluster_candidates.json not found")
        return

    # 分光確認済み + フィルタ緩和（N &gt;= 3）
    confirmed = [c for c in candidates
                 if c.get("z_spec") is not None
                 and c.get("n_spec_members", 0) &gt;= 3]
    print(f"\n  confirmed clusters (N_members &gt;= 3): {len(confirmed)}")
    for c in confirmed:
        print(f"    {c['id']}: z={c['z_spec']}, N={c.get('n_spec_members','?')}, "
              f"sigma_v={c.get('sigma_v','?')}")

    # ソースデータ読み込み
    source_data = {}
    for c in confirmed:
        src = load_source_catalog(c["id"])
        if src is not None:
            # z_photo &gt; z_l + 0.1 フィルタ
            mask = src["z_photo"] &gt; c["z_spec"] + 0.1
            for k in src:
                src[k] = src[k][mask]
            source_data[c["id"]] = src
            print(f"    {c['id']}: {len(src['ra'])} sources loaded")

    clusters_used = [c for c in confirmed if c["id"] in source_data]
    print(f"\n  clusters with data: {len(clusters_used)}")

    if not clusters_used:
        print("  No source data available.")
        return

    # スタック
    print(f"\n--- stacked DeltaSigma ---")
    z_mean = np.mean([c["z_spec"] for c in clusters_used])
    print(f"  &lt;z&gt; = {z_mean:.3f}")

    R_mid, ds, dx, ds_err, n_total = compute_stacked_deltasigma(
        clusters_used, source_data, n_bins=12)

    valid = np.isfinite(ds) &amp; np.isfinite(ds_err) &amp; (ds_err &gt; 0)
    if np.sum(valid) &gt; 0:
        w = 1.0 / ds_err[valid]**2
        ds_mean = np.sum(w * ds[valid]) / np.sum(w)
        dx_mean = np.sum(w * dx[valid]) / np.sum(w)
        sn = ds_mean / (1.0/np.sqrt(np.sum(w)))
        print(f"  &lt;DeltaSigma&gt; = {ds_mean:.2f} M_sun/pc^2")
        print(f"  &lt;DeltaSigma_x&gt; = {dx_mean:.2f} M_sun/pc^2")
        print(f"  S/N = {sn:.1f}")
        print(f"  total sources: {np.sum(n_total)}")

    # プロファイル表示
    print(f"\n  {'R[Mpc]':&gt;8} {'DS[M_sun/pc2]':&gt;14} {'err':&gt;10} {'DS_x':&gt;10} {'N':&gt;6}")
    for i in range(len(R_mid)):
        if np.isfinite(ds[i]):
            print(f"  {R_mid[i]:&gt;8.3f} {ds[i]:&gt;14.2f} {ds_err[i]:&gt;10.2f} "
                  f"{dx[i]:&gt;10.2f} {n_total[i]:&gt;6}")

    # モデルフィット
    print(f"\n--- model fitting ---")

    # NFW (no miscentering)
    print("  NFW (centered)...")
    nfw_c = fit_nfw(R_mid, ds, ds_err, z_mean, with_misc=False)
    if nfw_c:
        print(f"    M200={nfw_c['M200']:.2e}, c200={nfw_c['c200']:.1f}, "
              f"chi2/dof={nfw_c['chi2_dof']:.2f}")

    # NFW + miscentering
    print("  NFW (miscentered)...")



    nfw_m = fit_nfw(R_mid, ds, ds_err, z_mean, with_misc=True)
    if nfw_m:
        print(f"    M200={nfw_m['M200']:.2e}, c200={nfw_m['c200']:.1f}, "
              f"R_misc={nfw_m['R_misc_Mpc']:.3f} Mpc, chi2/dof={nfw_m['chi2_dof']:.2f}")

    # MOND (gc = a0)
    print("  MOND (gc=a0)...")
    mond = fit_mond(R_mid, ds, ds_err, z_mean, gc_fixed=a0)
    if mond:
        print(f"    M_bar={mond['M_bar']:.2e}, gc/a0=1.0, "
              f"chi2/dof={mond['chi2_dof']:.2f}")

    # 膜 (gc free)
    print("  membrane (gc free)...")
    membrane = fit_mond(R_mid, ds, ds_err, z_mean, gc_fixed=None)
    if membrane:
        print(f"    M_bar={membrane['M_bar']:.2e}, gc/a0={membrane['gc_a0']:.3f}, "
              f"chi2/dof={membrane['chi2_dof']:.2f}")

    # 比較テーブル
    print(f"\n{'='*70}")
    print("model comparison")
    print(f"{'='*70}")
    print(f"\n  {'model':&lt;20} {'chi2/dof':&gt;9} {'AIC':&gt;8} {'dAIC':&gt;8} {'params':&gt;25}")
    print(f"  {'-'*72}")

    all_models = {}
    if nfw_c:
        all_models["NFW (centered)"] = nfw_c
    if nfw_m:
        all_models["NFW (misc)"] = nfw_m
    if mond:
        all_models["MOND (gc=a0)"] = mond
    if membrane:
        all_models["membrane (gc free)"] = membrane
    aic_ref = min(m["AIC"] for m in all_models.values()) if all_models else 0

    for name, m in all_models.items():
        daic = m["AIC"] - aic_ref
        params = ""
        if "M200" in m:
            params = f"M200={m['M200']:.1e}"
            if "R_misc_Mpc" in m:
                params += f", R_misc={m['R_misc_Mpc']:.2f}"
        elif "M_bar" in m:
            params = f"M_bar={m['M_bar']:.1e}"
            if m.get("gc_a0"):
                params += f", gc={m['gc_a0']:.2f}a0"
        print(f"  {name:&lt;20} {m['chi2_dof']:&gt;9.2f} {m['AIC']:&gt;8.1f} "
              f"{daic:&gt;+8.1f} {params:&gt;25}")

    # プロット
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt

        fig, axes = plt.subplots(2, 2, figsize=(14, 12))
        fig.suptitle(f"Stacked WL v2: {len(clusters_used)} clusters, "
                     f"Sigma_crit normalized", fontsize=13, fontweight='bold')

        # (a) DeltaSigma profile + models
        ax = axes[0, 0]
        v = np.isfinite(ds)
        ax.errorbar(R_mid[v], ds[v], yerr=ds_err[v], fmt='ko', ms=6, capsize=4,
                    label='data', zorder=5)

        R_fine = np.logspace(np.log10(0.08), np.log10(6), 100)
        if nfw_c:
            model_nfw = nfw_delta_sigma(R_fine, nfw_c["M200"], nfw_c["c200"], z_mean)
            ax.plot(R_fine, model_nfw, 'b-', lw=2, label=f'NFW (c={nfw_c["c200"]:.1f})')
        if nfw_m:
            model_nfwm = nfw_delta_sigma_miscentered(
                R_fine, nfw_m["M200"], nfw_m["c200"], z_mean, nfw_m["R_misc_Mpc"])
            ax.plot(R_fine, model_nfwm, 'b--', lw=1.5,
                    label=f'NFW+misc (R={nfw_m["R_misc_Mpc"]:.2f}Mpc)')
        if mond:
            model_mond = mond_delta_sigma_abel(R_fine, mond["M_bar"], a0, z_mean)
            ax.plot(R_fine, model_mond, 'r-', lw=2, label='MOND')
        if membrane:
            model_mem = mond_delta_sigma_abel(
                R_fine, membrane["M_bar"], membrane["gc"], z_mean)
            ax.plot(R_fine, model_mem, 'g--', lw=2,
                    label=f'membrane (gc={membrane["gc_a0"]:.2f}a0)')

        ax.set_xlabel('R [Mpc]')
        ax.set_ylabel('DeltaSigma [M_sun/pc^2]')
        ax.set_xscale('log')
        ax.set_title('Stacked DeltaSigma profile')
        ax.legend(fontsize=8)
        ax.grid(True, alpha=0.3)
        ax.axhline(0, color='gray', ls=':')

        # (b) cross-component
        ax = axes[0, 1]
        vx = np.isfinite(dx)
        ax.errorbar(R_mid[vx], dx[vx], yerr=ds_err[vx], fmt='ro', ms=6, capsize=4)
        ax.axhline(0, color='green', ls='--', lw=2)
        ax.set_xlabel('R [Mpc]')
        ax.set_ylabel('DeltaSigma_x [M_sun/pc^2]')
        ax.set_xscale('log')
        ax.set_title('Cross-component (null test)')
        ax.grid(True, alpha=0.3)

        # (c) source count



        ax = axes[1, 0]
        ax.bar(range(len(n_total)), n_total, color='steelblue', edgecolor='white')
        ax.set_xlabel('radial bin')
        ax.set_ylabel('N sources')
        ax.set_title(f'Source count (total={np.sum(n_total)})')
        ax.grid(True, alpha=0.3)

        # (d) AIC comparison
        ax = axes[1, 1]
        names = list(all_models.keys())
        aics = [all_models[n]["AIC"] - aic_ref for n in names]
        colors_bar = ['green' if a &lt;= 0 else 'steelblue' if a &lt; 5 else 'coral'
                     for a in aics]
        bars = ax.barh(range(len(names)), aics, color=colors_bar,
                      edgecolor='white', height=0.6)
        ax.set_yticks(range(len(names)))
        ax.set_yticklabels(names, fontsize=9)
        ax.set_xlabel('dAIC (vs best)')
        ax.set_title('Model comparison (AIC)')
        ax.axvline(0, color='black', lw=0.5)
        for bar, val in zip(bars, aics):
            ax.text(bar.get_width() + 0.5, bar.get_y() + bar.get_height()/2,
                   f'{val:+.1f}', va='center', fontsize=10, fontweight='bold')
        ax.grid(True, alpha=0.3)

        plt.tight_layout()
        figpath = OUTDIR / "cluster_stack_v2.png"
        plt.savefig(figpath, dpi=150, bbox_inches='tight')
        print(f"\nplot: {figpath}")

    except ImportError:
        print("matplotlib not available")

    # 結果保存
    result = {
        "version": "v2_sigma_crit",
        "n_clusters": len(clusters_used),
        "z_mean": float(z_mean),
        "clusters": [{"id": c["id"], "z": c["z_spec"]} for c in clusters_used],
        "sn": float(sn) if 'sn' in dir() else None,
        "models": all_models,
    }
    outpath = OUTDIR / "cluster_stack_v2_results.json"
    with open(outpath, "w") as f:
        json.dump(result, f, indent=2, default=str)
    print(f"results: {outpath}")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#9. cluster_stack_v2b.py

項目 内容

目的 内側カット(R>0.5Mpc)で公平比較。R_min感度テストでdAIC安定性確認

依存 scipy,matplotlib,numpy,pandas

入力 v2結果+ソース

出力 cluster_stack_v2b_results.json

実行 uv run --with scipy,matplotlib,numpy,pandas python cluster_stack_v2b.py

ソースコード（571行）
# -*- coding: utf-8 -*-
"""
スタック弱レンズ v2b: 内側カット（R &gt; R_min_fit）で公平比較
=============================================================
cluster_stack_v2.py の結果を読み込み、R &gt; 0.5 Mpc のビンのみで
NFW / NFW+misc / MOND / 膜 を再フィットする。

Claude Code で実行:
  uv run --with scipy --with matplotlib --with numpy python cluster_stack_v2b.py

前提: cluster_stack_v2.py が実行済みで、ソースデータが利用可能
"""

import numpy as np
import json
from pathlib import Path
from scipy.optimize import minimize, minimize_scalar
from scipy.integrate import quad

OUTDIR = Path("cluster_stack")

# cluster_stack_v2 から関数をインポート
# インポート失敗時は自己完結で動くよう主要関数を再定義
try:
    from cluster_stack_v2 import (
        angular_diameter_distance, rho_crit, sigma_crit,
        nfw_delta_sigma, nfw_delta_sigma_miscentered,
        mond_delta_sigma_abel, mond_g_obs,
        compute_stacked_deltasigma, load_clusters, load_source_catalog,
        H0, OMEGA_M, C_LIGHT, G_SI, M_SUN, MPC_M, PC_M, a0, E_z
    )
    print("cluster_stack_v2 imported")
except ImportError:
    print("cluster_stack_v2 not importable, using inline definitions")
    # 最小限の再定義
    H0=70.0; OMEGA_M=0.3; C_LIGHT=2.998e5; G_SI=6.674e-11
    M_SUN=1.989e30; MPC_M=3.0857e22; PC_M=3.0857e16; a0=1.2e-10

    def E_z(z): return np.sqrt(OMEGA_M*(1+z)**3+(1-OMEGA_M))
    def comoving_distance(z):
        f=lambda zp:1.0/E_z(zp); r,_=quad(f,0,z); return C_LIGHT/H0*r
    def angular_diameter_distance(z): return comoving_distance(z)/(1+z)
    def rho_crit(z):
        Hz=H0*E_z(z)*1e3/MPC_M; return 3*Hz**2/(8*np.pi*G_SI)/M_SUN*MPC_M**3

    def nfw_delta_sigma(R_mpc, M200, c200, z_l):
        rc=rho_crit(z_l); r200=(3*M200/(4*np.pi*200*rc))**(1./3.); rs=r200/c200
        delta_c=(200./3.)*c200**3/(np.log(1+c200)-c200/(1+c200)); rho_s=delta_c*rc
        x=np.atleast_1d(R_mpc/rs).astype(float)
        sigma=np.zeros_like(x); bar_sig=np.zeros_like(x)
        for i,xi in enumerate(x):
            if xi&lt;1e-6: continue
            if abs(xi-1)&lt;1e-4: sigma[i]=2*rho_s*rs/3.
            elif xi&lt;1: sigma[i]=2*rho_s*rs/(xi**2-1)*(1-np.arccosh(1/xi)/np.sqrt(1-xi**2))
            else: sigma[i]=2*rho_s*rs/(xi**2-1)*(1-np.arccos(1/xi)/np.sqrt(xi**2-1))
            if abs(xi-1)&lt;1e-4: h=1+np.log(0.5)
            elif xi&lt;1: h=np.arccosh(1/xi)/np.sqrt(1-xi**2)+np.log(xi/2)
            else: h=np.arccos(1/xi)/np.sqrt(xi**2-1)+np.log(xi/2)
            bar_sig[i]=4*rho_s*rs*h/xi**2
        return (bar_sig-sigma)*1e-12

    def nfw_delta_sigma_miscentered(R_mpc, M200, c200, z_l, R_misc):
        if R_misc&lt;1e-4: return nfw_delta_sigma(R_mpc,M200,c200,z_l)
        R=np.atleast_1d(R_mpc); ds_c=nfw_delta_sigma(R,M200,c200,z_l)
        n_phi=36; phis=np.linspace(0,2*np.pi,n_phi,endpoint=False)
        ds_m=np.zeros_like(R)
        for i,Ri in enumerate(R):
            s=0
            for phi in phis:
                Re=np.sqrt(Ri**2+R_misc**2-2*Ri*R_misc*np.cos(phi))
                Re=max(Re,1e-4); s+=nfw_delta_sigma(np.array([Re]),M200,c200,z_l)[0]
            ds_m[i]=s/n_phi
        f=np.exp(-0.5*(R_misc/np.maximum(R,1e-4))**2)
        return f*ds_c+(1-f)*ds_m

    def mond_g_obs(gN,gc): return (gN+np.sqrt(gN**2+4*gc*np.abs(gN)))/2

    def mond_delta_sigma_abel(R_mpc, M200_bar, gc, z_l):
        c_bar=5.0; rc=rho_crit(z_l); r200=(3*M200_bar/(4*np.pi*200*rc))**(1./3.)
        rs_bar=r200/c_bar; R=np.atleast_1d(R_mpc); n_los=80
        sigma=np.zeros_like(R)
        for i,Ri in enumerate(R):
            if Ri&lt;1e-4: continue
            zs=np.linspace(0,10*r200,n_los); integ=np.zeros(n_los)
            for j,zj in enumerate(zs):
                r3d=np.sqrt(Ri**2+zj**2)
                M_enc=M200_bar*(np.log(1+r3d/rs_bar)-(r3d/rs_bar)/(1+r3d/rs_bar))/(np.log(1+c_bar)-c_bar/(1+c_bar))
                gN=G_SI*M_enc*M_SUN/(r3d*MPC_M)**2 if r3d&gt;1e-6 else 0



                ge=mond_g_obs(gN,gc)-gN
                if r3d&gt;1e-6: integ[j]=ge/(4*np.pi*G_SI)/(r3d*MPC_M)
            integ_msun=integ/M_SUN*MPC_M**3
            sigma[i]=2.0*np.trapz(integ_msun,zs)*MPC_M
        bar_s=np.zeros_like(R)
        for i,Ri in enumerate(R):
            if Ri&lt;1e-4 or i==0: bar_s[i]=sigma[i]; continue
            m=R[:i+1]&lt;=Ri
            if np.sum(m)&lt;2: bar_s[i]=sigma[i]; continue
            bar_s[i]=2/Ri**2*np.trapz(sigma[m]*R[m][:np.sum(m)],R[m][:np.sum(m)])
        return (bar_s-sigma)*1e-12

    def sigma_crit(z_l,z_s):
        from cluster_stack_v2 import D_ls as _Dls
        Dl=angular_diameter_distance(z_l)*MPC_M
        Ds=angular_diameter_distance(z_s)*MPC_M
        Dls=_Dls(z_l,z_s)*MPC_M
        if Dls&lt;=0 or Ds&lt;=0: return np.inf
        return (C_LIGHT*1e3)**2/(4*np.pi*G_SI)*Ds/(Dl*Dls)/M_SUN*PC_M**2

# ================================================================
# 内側カット付きフィット
# ================================================================
R_MIN_FIT = 0.5  # Mpc — ミスセンタリングの影響を回避

def fit_with_cut(R_mpc, ds_data, ds_err, z_mean, R_min_fit=R_MIN_FIT):
    """R &gt; R_min_fit のビンのみで4モデルをフィット"""

    cut = R_mpc &gt;= R_min_fit
    valid = cut &amp; np.isfinite(ds_data) &amp; np.isfinite(ds_err) &amp; (ds_err &gt; 0)
    n_valid = np.sum(valid)

    if n_valid &lt; 3:
        print(f"  valid bins (R&gt;{R_min_fit} Mpc): {n_valid} &lt; 3, insufficient")
        return None

    Rv = R_mpc[valid]
    Dv = ds_data[valid]
    Ev = ds_err[valid]

    print(f"  fitting range: R &gt; {R_min_fit} Mpc, {n_valid} bins")
    print(f"  R = [{Rv[0]:.2f}, {Rv[-1]:.2f}] Mpc")

    results = {}

    # --- NFW centered (2 params) ---
    print("  NFW centered...", end="", flush=True)
    def nfw_chi2(params):
        M200=10**params[0]; c=params[1]
        if c&lt;1 or c&gt;20 or M200&lt;1e12 or M200&gt;1e16: return 1e10
        m=nfw_delta_sigma(Rv,M200,c,z_mean)
        return np.sum(((Dv-m)/Ev)**2)

    best_c2=1e10; best_p=None
    for lM in np.linspace(13.5,15.5,12):
        for c0 in [2,4,6,8,10,15]:
            try:
                r=minimize(nfw_chi2,[lM,c0],method='Nelder-Mead',options={'maxiter':500})
                if r.fun&lt;best_c2: best_c2=r.fun; best_p=r.x
            except: pass
    if best_p is not None:
        results["NFW"] = {"M200":float(10**best_p[0]),"c200":float(best_p[1]),
            "chi2":float(best_c2),"dof":int(n_valid-2),
            "chi2_dof":float(best_c2/max(n_valid-2,1)),"AIC":float(best_c2+4),"n_par":2}
        print(f" M200={results['NFW']['M200']:.2e}, c={results['NFW']['c200']:.1f}, "
              f"chi2/dof={results['NFW']['chi2_dof']:.2f}")
    else:
        print(" failed")

    # --- NFW + miscentering (3 params) ---
    print("  NFW+misc...", end="", flush=True)
    def nfw_misc_chi2(params):
        M200=10**params[0]; c=params[1]; Rm=10**params[2]
        if c&lt;1 or c&gt;20 or M200&lt;1e12 or M200&gt;1e16 or Rm&gt;2.0: return 1e10
        m=nfw_delta_sigma_miscentered(Rv,M200,c,z_mean,Rm)
        return np.sum(((Dv-m)/Ev)**2)

    best_c2m=1e10; best_pm=None
    for lM in np.linspace(13.5,15.5,8):
        for c0 in [3,5,8,12]:
            for lR in [-2,-1.5,-1,-0.5]:
                try:
                    r=minimize(nfw_misc_chi2,[lM,c0,lR],method='Nelder-Mead',
                               options={'maxiter':500})
                    if r.fun&lt;best_c2m: best_c2m=r.fun; best_pm=r.x
                except: pass
    if best_pm is not None:
        results["NFW+misc"] = {"M200":float(10**best_pm[0]),"c200":float(best_pm[1]),
            "R_misc":float(10**best_pm[2]),
            "chi2":float(best_c2m),"dof":int(n_valid-3),
            "chi2_dof":float(best_c2m/max(n_valid-3,1)),"AIC":float(best_c2m+6),"n_par":3}
        print(f" M200={results['NFW+misc']['M200']:.2e}, c={results['NFW+misc']['c200']:.1f}, "
              f"R_misc={results['NFW+misc']['R_misc']:.3f}, "
              f"chi2/dof={results['NFW+misc']['chi2_dof']:.2f}")
    else:
        print(" failed")

    # --- MOND gc=a0 (1 param: M_bar) ---
    print("  MOND...", end="", flush=True)
    def mond_chi2(params):
        M_bar=10**params[0]
        if M_bar&lt;1e11 or M_bar&gt;1e15: return 1e10
        m=mond_delta_sigma_abel(Rv,M_bar,a0,z_mean)
        if np.any(~np.isfinite(m)): return 1e10



        return np.sum(((Dv-m)/Ev)**2)

    best_c2d=1e10; best_pd=None
    for lM in np.linspace(12,15,20):
        try:
            r=minimize(mond_chi2,[lM],method='Nelder-Mead',options={'maxiter':300})
            if r.fun&lt;best_c2d: best_c2d=r.fun; best_pd=r.x
        except: pass
    if best_pd is not None:
        results["MOND"] = {"M_bar":float(10**best_pd[0]),"gc":float(a0),"gc_a0":1.0,
            "chi2":float(best_c2d),"dof":int(n_valid-1),
            "chi2_dof":float(best_c2d/max(n_valid-1,1)),"AIC":float(best_c2d+2),"n_par":1}
        print(f" M_bar={results['MOND']['M_bar']:.2e}, chi2/dof={results['MOND']['chi2_dof']:.2f}")
    else:
        print(" failed")

    # --- 膜 gc free (2 params: M_bar, gc) ---
    print("  membrane...", end="", flush=True)
    def mem_chi2(params):
        M_bar=10**params[0]; gc=10**params[1]
        if M_bar&lt;1e11 or M_bar&gt;1e15: return 1e10
        m=mond_delta_sigma_abel(Rv,M_bar,gc,z_mean)
        if np.any(~np.isfinite(m)): return 1e10
        return np.sum(((Dv-m)/Ev)**2)

    best_c2e=1e10; best_pe=None
    for lM in np.linspace(12,15,10):
        for lgc in np.linspace(-11,-9,10):
            try:
                r=minimize(mem_chi2,[lM,lgc],method='Nelder-Mead',options={'maxiter':300})
                if r.fun&lt;best_c2e: best_c2e=r.fun; best_pe=r.x
            except: pass
    if best_pe is not None:
        gc_val=10**best_pe[1]
        results["membrane"] = {"M_bar":float(10**best_pe[0]),"gc":float(gc_val),
            "gc_a0":float(gc_val/a0),
            "chi2":float(best_c2e),"dof":int(n_valid-2),
            "chi2_dof":float(best_c2e/max(n_valid-2,1)),"AIC":float(best_c2e+4),"n_par":2}
        print(f" M_bar={results['membrane']['M_bar']:.2e}, "
              f"gc/a0={results['membrane']['gc_a0']:.3f}, "
              f"chi2/dof={results['membrane']['chi2_dof']:.2f}")
    else:
        print(" failed")

    return results, Rv, Dv, Ev

# ================================================================
# 感度テスト: R_min_fit を変化
# ================================================================
def sensitivity_R_min(R_mpc, ds_data, ds_err, z_mean):
    """R_min_fit を 0.3-1.5 Mpc で変化させた場合の結果の安定性"""
    print(f"\n--- sensitivity: R_min_fit scan ---")

    scan_results = []
    for R_cut in [0.3, 0.4, 0.5, 0.7, 1.0, 1.5]:
        cut = R_mpc &gt;= R_cut
        valid = cut &amp; np.isfinite(ds_data) &amp; np.isfinite(ds_err) &amp; (ds_err &gt; 0)
        n = np.sum(valid)
        if n &lt; 3:
            continue

        Rv = R_mpc[valid]
        Dv = ds_data[valid]
        Ev = ds_err[valid]

        # NFW のみ高速フィット
        best_c2 = 1e10
        for lM in np.linspace(13.5,15.5,8):
            for c0 in [4,8,12]:
                try:
                    def f(p):
                        M=10**p[0];c=p[1]
                        if c&lt;1 or c&gt;20 or M&lt;1e12 or M&gt;1e16: return 1e10
                        return np.sum(((Dv-nfw_delta_sigma(Rv,M,c,z_mean))/Ev)**2)
                    r=minimize(f,[lM,c0],method='Nelder-Mead',options={'maxiter':300})
                    if r.fun&lt;best_c2: best_c2=r.fun
                except: pass

        # MOND 高速フィット
        best_c2m = 1e10
        for lM in np.linspace(12,15,10):
            try:
                def fm(p):
                    M=10**p[0]
                    if M&lt;1e11 or M&gt;1e15: return 1e10
                    m=mond_delta_sigma_abel(Rv,M,a0,z_mean)
                    if np.any(~np.isfinite(m)): return 1e10
                    return np.sum(((Dv-m)/Ev)**2)
                r=minimize(fm,[lM],method='Nelder-Mead',options={'maxiter':200})
                if r.fun&lt;best_c2m: best_c2m=r.fun
            except: pass

        aic_nfw = best_c2 + 4
        aic_mond = best_c2m + 2
        daic = aic_mond - aic_nfw

        scan_results.append({
            "R_min": R_cut, "n_bins": int(n),
            "chi2_nfw": float(best_c2), "chi2_mond": float(best_c2m),
            "dAIC_mond_nfw": float(daic),
        })
        favor = "MOND" if daic &lt; 0 else "NFW"
        print(f"  R&gt;{R_cut:.1f} Mpc ({n} bins): "
              f"dAIC(MOND-NFW)={daic:+.1f} -&gt; {favor}")



    return scan_results

# ================================================================
# メイン
# ================================================================
def main():
    print("=" * 70)
    print("cluster stack v2b: inner cut R &gt; 0.5 Mpc")
    print("=" * 70)

    # データ読み込み: v2の結果を再利用
    # stacked profile を再計算
    candidates = None
    for p in [Path("cluster_candidates.json"), OUTDIR/"cluster_stack_results.json"]:
        if p.exists():
            with open(p) as f:
                d = json.load(f)
            if isinstance(d, list):
                candidates = d
            elif "candidates" in d:
                candidates = d["candidates"]
            break

    if candidates is None:
        print("cluster_candidates.json not found")
        return

    confirmed = [c for c in candidates
                 if c.get("z_spec") is not None and c.get("n_spec_members",0) &gt;= 3]

    source_data = {}
    import pandas as pd
    for c in confirmed:
        cid = c["id"]
        for pat in [f"{cid}_sources_photoz.csv", f"{cid}_sources.csv"]:
            for d in [Path("."), OUTDIR, Path("cl1_optimization")]:
                p = d / pat
                if p.exists():
                    df = pd.read_csv(p)
                    col_map = {}
                    for col in df.columns:
                        cl = col.lower()
                        if 'ra' in cl and 'dec' not in cl: col_map.setdefault('ra',col)
                        elif 'dec' in cl: col_map.setdefault('dec',col)
                        elif 'e1' in cl: col_map.setdefault('e1',col)
                        elif 'e2' in cl: col_map.setdefault('e2',col)
                        elif 'weight' in cl: col_map.setdefault('weight',col)
                        elif 'photoz' in cl or cl in ['z','z_best']:
                            col_map.setdefault('z_photo',col)
                    if all(k in col_map for k in ['ra','dec','e1','e2']):
                        src = {k: df[col_map[k]].values for k in col_map}
                        if 'weight' not in src: src['weight']=np.ones(len(df))
                        if 'z_photo' not in src: src['z_photo']=np.full(len(df),0.8)
                        v = np.isfinite(src['ra'])&amp;np.isfinite(src['e1'])
                        # photo-z フィルタ
                        v &amp;= src['z_photo'] &gt; c['z_spec'] + 0.1
                        for k in src: src[k]=src[k][v]
                        source_data[cid] = src
                        print(f"  {cid}: {len(src['ra'])} sources ({pat})")
                        break
            if cid in source_data:
                break

    clusters_used = [c for c in confirmed if c["id"] in source_data]
    print(f"\n  clusters: {len(clusters_used)}")
    if not clusters_used:
        print("  no data"); return

    z_mean = np.mean([c["z_spec"] for c in clusters_used])
    print(f"  &lt;z&gt; = {z_mean:.3f}")

    # スタック計算
    R_mid, ds, dx, ds_err, n_total = compute_stacked_deltasigma(
        clusters_used, source_data, n_bins=12)

    # プロファイル表示
    print(f"\n  {'R[Mpc]':&gt;8} {'DS':&gt;10} {'err':&gt;10} {'DS_x':&gt;10} {'N':&gt;6} {'use':&gt;4}")
    for i in range(len(R_mid)):
        if np.isfinite(ds[i]):
            use = "***" if R_mid[i] &gt;= R_MIN_FIT else ""
            print(f"  {R_mid[i]:&gt;8.3f} {ds[i]:&gt;10.1f} {ds_err[i]:&gt;10.1f} "
                  f"{dx[i]:&gt;10.1f} {n_total[i]:&gt;6} {use:&gt;4}")

    # 内側カット付きフィット
    print(f"\n{'='*70}")
    print(f"fitting with R &gt; {R_MIN_FIT} Mpc")
    print(f"{'='*70}")

    fit_result = fit_with_cut(R_mid, ds, ds_err, z_mean, R_MIN_FIT)
    if fit_result is None:
        return
    results, Rv, Dv, Ev = fit_result

    # 比較テーブル
    print(f"\n{'='*70}")
    print(f"model comparison (R &gt; {R_MIN_FIT} Mpc)")
    print(f"{'='*70}")

    aic_min = min(m["AIC"] for m in results.values()) if results else 0

    print(f"\n  {'model':&lt;16} {'n_par':&gt;5} {'chi2/dof':&gt;9} {'AIC':&gt;8} {'dAIC':&gt;8} {'key params':&gt;30}")
    print(f"  {'-'*78}")
    for name in ["NFW", "NFW+misc", "MOND", "membrane"]:
        if name not in results:



            continue
        m = results[name]
        daic = m["AIC"] - aic_min
        params = ""
        if "M200" in m:
            params = f"M200={m['M200']:.1e}, c={m['c200']:.1f}"
            if "R_misc" in m: params += f", Rm={m['R_misc']:.2f}"
        elif "M_bar" in m:
            params = f"Mb={m['M_bar']:.1e}, gc={m['gc_a0']:.2f}a0"
        print(f"  {name:&lt;16} {m['n_par']:&gt;5} {m['chi2_dof']:&gt;9.2f} "
              f"{m['AIC']:&gt;8.1f} {daic:&gt;+8.1f} {params:&gt;30}")

    # 感度テスト
    scan = sensitivity_R_min(R_mid, ds, ds_err, z_mean)

    # プロット
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt

        fig, axes = plt.subplots(2, 2, figsize=(14, 12))
        fig.suptitle(f"Stacked WL v2b: R &gt; {R_MIN_FIT} Mpc cut, "
                     f"{len(clusters_used)} clusters",
                     fontsize=13, fontweight='bold')

        # (a) DeltaSigma + models (全範囲表示、フィット範囲を網掛け)
        ax = axes[0, 0]
        v_all = np.isfinite(ds)
        v_fit = v_all &amp; (R_mid &gt;= R_MIN_FIT)

        ax.errorbar(R_mid[v_all &amp; ~v_fit], ds[v_all &amp; ~v_fit],
                    yerr=ds_err[v_all &amp; ~v_fit],
                    fmt='o', color='gray', ms=5, capsize=3, alpha=0.5,
                    label=f'R&lt;{R_MIN_FIT} (excluded)')
        ax.errorbar(R_mid[v_fit], ds[v_fit], yerr=ds_err[v_fit],
                    fmt='ko', ms=6, capsize=4, label=f'R&gt;{R_MIN_FIT} (fitted)')

        R_fine = np.logspace(np.log10(0.08), np.log10(6), 80)
        if "NFW" in results:
            m = results["NFW"]
            ax.plot(R_fine, nfw_delta_sigma(R_fine, m["M200"], m["c200"], z_mean),
                    'b-', lw=2, label=f'NFW c={m["c200"]:.1f}')
        if "NFW+misc" in results:
            m = results["NFW+misc"]
            ax.plot(R_fine, nfw_delta_sigma_miscentered(
                R_fine, m["M200"], m["c200"], z_mean, m["R_misc"]),
                    'b--', lw=1.5, label=f'NFW+misc Rm={m["R_misc"]:.2f}')
        if "MOND" in results:
            m = results["MOND"]
            ax.plot(R_fine, mond_delta_sigma_abel(R_fine, m["M_bar"], a0, z_mean),
                    'r-', lw=2, label='MOND')
        if "membrane" in results:
            m = results["membrane"]
            ax.plot(R_fine, mond_delta_sigma_abel(R_fine, m["M_bar"], m["gc"], z_mean),
                    'g--', lw=2, label=f'membrane gc={m["gc_a0"]:.2f}a0')

        ax.axvline(R_MIN_FIT, color='orange', ls=':', lw=2, alpha=0.7)
        ax.axhline(0, color='gray', ls=':')
        ax.set_xlabel('R [Mpc]')
        ax.set_ylabel('DeltaSigma [M_sun/pc^2]')
        ax.set_xscale('log')
        ax.set_title('DeltaSigma profile')
        ax.legend(fontsize=7, loc='upper right')
        ax.grid(True, alpha=0.3)

        # (b) dAIC vs R_min_fit
        ax = axes[0, 1]
        if scan:
            rcuts = [s["R_min"] for s in scan]
            daics = [s["dAIC_mond_nfw"] for s in scan]
            ax.plot(rcuts, daics, 'o-', color='steelblue', ms=8, lw=2)
            ax.axhline(0, color='black', ls='-', lw=0.5)
            ax.axhline(-2, color='green', ls='--', alpha=0.5, label='dAIC=-2 (MOND preferred)')
            ax.axhline(2, color='red', ls='--', alpha=0.5, label='dAIC=+2 (NFW preferred)')
            ax.fill_between([min(rcuts)-0.1, max(rcuts)+0.1], -2, 2,
                           alpha=0.1, color='gray', label='inconclusive')
            ax.set_xlabel('R_min_fit [Mpc]')
            ax.set_ylabel('dAIC (MOND - NFW)')
            ax.set_title('Sensitivity to inner cut')
            ax.legend(fontsize=8)
            ax.grid(True, alpha=0.3)

        # (c) AIC comparison bar
        ax = axes[1, 0]
        names = list(results.keys())
        daics_bar = [results[n]["AIC"]-aic_min for n in names]
        colors_bar = ['green' if d&lt;=0 else 'steelblue' if d&lt;5 else 'coral' for d in daics_bar]
        bars = ax.barh(range(len(names)), daics_bar, color=colors_bar,
                      edgecolor='white', height=0.6)
        ax.set_yticks(range(len(names)))
        ax.set_yticklabels(names, fontsize=10)
        ax.set_xlabel('dAIC (vs best)')
        ax.set_title(f'Model comparison (R &gt; {R_MIN_FIT} Mpc)')
        ax.axvline(0, color='black', lw=0.5)
        for bar, val in zip(bars, daics_bar):
            ax.text(max(bar.get_width(), 0) + 0.5,
                    bar.get_y() + bar.get_height()/2,
                    f'{val:+.1f}', va='center', fontsize=11, fontweight='bold')
        ax.grid(True, alpha=0.3)

        # (d) summary
        ax = axes[1, 1]
        ax.axis('off')
        txt = f"Inner cut: R &gt; {R_MIN_FIT} Mpc\n"



        txt += f"Clusters: {len(clusters_used)} (z~{z_mean:.3f})\n"
        txt += f"Bins used: {np.sum(R_mid&gt;=R_MIN_FIT)}/{len(R_mid)}\n\n"
        for name in ["NFW", "NFW+misc", "MOND", "membrane"]:
            if name in results:
                m = results[name]
                d = m["AIC"] - aic_min
                txt += f"{name}: chi2/dof={m['chi2_dof']:.2f}, dAIC={d:+.1f}\n"
        if scan:
            # R_min でMONDが勝つ範囲
            mond_wins = [s for s in scan if s["dAIC_mond_nfw"] &lt; -2]
            nfw_wins = [s for s in scan if s["dAIC_mond_nfw"] &gt; 2]
            txt += f"\nSensitivity:\n"
            txt += f"  MOND preferred: R&gt;{min(s['R_min'] for s in mond_wins):.1f} Mpc\n" if mond_wins else "  MOND preferred: none\n"
            txt += f"  NFW preferred: R&gt;{min(s['R_min'] for s in nfw_wins):.1f} Mpc\n" if nfw_wins else "  NFW preferred: none\n"

        ax.text(0.05, 0.95, txt, transform=ax.transAxes, fontsize=10,
               fontfamily='monospace', va='top',
               bbox=dict(boxstyle='round', facecolor='lightyellow', alpha=0.8))

        plt.tight_layout()
        figpath = OUTDIR / "cluster_stack_v2b.png"
        plt.savefig(figpath, dpi=150, bbox_inches='tight')
        print(f"\nplot: {figpath}")

    except ImportError:
        print("matplotlib not available")

    # 結果保存
    output = {
        "version": "v2b_inner_cut",
        "R_min_fit_Mpc": R_MIN_FIT,
        "n_clusters": len(clusters_used),
        "z_mean": float(z_mean),
        "models": results,
        "sensitivity": scan,
    }
    outpath = OUTDIR / "cluster_stack_v2b_results.json"
    with open(outpath, "w") as f:
        json.dump(output, f, indent=2, default=str)
    print(f"results: {outpath}")

    # 判定
    print(f"\n{'='*70}")
    print("verdict")
    print(f"{'='*70}")
    if "MOND" in results and "NFW" in results:
        daic = results["MOND"]["AIC"] - results["NFW"]["AIC"]
        if daic &lt; -2:
            print(f"  MOND &gt; NFW (dAIC={daic:.1f}) at R &gt; {R_MIN_FIT} Mpc")
        elif daic &gt; 2:
            print(f"  NFW &gt; MOND (dAIC={daic:.1f}) at R &gt; {R_MIN_FIT} Mpc")
        else:
            print(f"  inconclusive (dAIC={daic:.1f}) at R &gt; {R_MIN_FIT} Mpc")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#10. manga_verification.py

項目 内容

目的 MaNGA DynPop (Zhu+2023) 10,296銀河のalpha検定。sigma_e/V_maxからg_c推定

依存 requests,scipy,matplotlib,numpy,pandas

入力 VizieR/Zenodo

出力 manga_verification_results.json

実行 uv run --with requests,scipy,matplotlib,numpy,pandas python manga_verification.py

ソースコード（754行）
# -*- coding: utf-8 -*-
"""
N-2a: MaNGA DynPop による幾何平均法則の独立検証
================================================
Claude Code で実行:
  uv run --with requests --with scipy --with matplotlib --with numpy --with pandas python manga_verification.py

データ:
  - MaNGA DynPop (Zhu et al. 2023, MNRAS, 522, 6326)
    VizieR: J/MNRAS/522/6326
  - MaNGA Pipe3D (Sanchez+2022) VAC
    SDSS DR17: https://www.sdss4.org/dr17/manga/manga-data/manga-pipe3d-value-added-catalog/

MaNGA DynPop は IFU 分光から得た恒星動力学パラメータを提供:
  - V_max (最大回転速度) or sigma_e (速度分散)
  - R_e (有効半径, 3.6um相当の近赤外)
  - M_star (恒星質量)
  - morphology (T-type or visual)

幾何平均法則の検証に必要な量:
  - g_c: MOND補間フィットから（RAR空間で）
  - G x Sigma_0 ~ V_max^2 / R_e（プロキシ）
"""

import numpy as np
import json
import sys
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist, pearsonr

OUTDIR = Path("manga_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10  # m/s^2

# ================================================================
# 1. データ取得
# ================================================================
def fetch_manga_dynpop():
    """VizieR から MaNGA DynPop カタログを取得"""
    import requests

    # Zhu+2023 DynPop: J/MNRAS/522/6326
    catalog = "J/MNRAS/522/6326"

    # テーブル1: 基本パラメータ
    url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
           f"?-source={catalog}"
           f"&amp;-out.max=15000"
           f"&amp;-out.all")

    print(f"  VizieR: {catalog} ...")
    try:
        r = requests.get(url, timeout=120)
        if r.status_code == 200 and len(r.text) &gt; 1000:
            outpath = OUTDIR / "manga_dynpop_raw.tsv"
            outpath.write_text(r.text)
            print(f"  -&gt; {outpath} ({len(r.text)} bytes)")
            return r.text
        print(f"  HTTP {r.status_code}, len={len(r.text)}")
    except Exception as e:
        print(f"  error: {e}")

    # 代替: テーブル名を指定して試行
    for tname in ["table1", "tableb1", "catalog", "dynpop"]:
        url2 = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
                f"?-source={catalog}/{tname}"
                f"&amp;-out.max=15000&amp;-out.all")
        print(f"  trying {tname}...")
        try:
            r = requests.get(url2, timeout=60)
            if r.status_code == 200 and len(r.text) &gt; 1000:
                outpath = OUTDIR / f"manga_dynpop_{tname}.tsv"
                outpath.write_text(r.text)
                print(f"  -&gt; {outpath} ({len(r.text)} bytes)")
                return r.text
        except:
            pass

    return None

def fetch_manga_pipe3d():
    """SDSS DR17 Pipe3D VAC の代替取得"""
    import requests

    # Pipe3D summary table (Sanchez+2022)



    # VizieR には入っていない場合あり -&gt; SDSS CASから
    catalog = "J/RMxAA/58/321"  # Sanchez+2022
    url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
           f"?-source={catalog}"
           f"&amp;-out.max=15000&amp;-out.all")

    print(f"  VizieR Pipe3D: {catalog} ...")
    try:
        r = requests.get(url, timeout=60)
        if r.status_code == 200 and len(r.text) &gt; 1000:
            outpath = OUTDIR / "manga_pipe3d_raw.tsv"
            outpath.write_text(r.text)
            print(f"  -&gt; {outpath}")
            return r.text
    except Exception as e:
        print(f"  error: {e}")

    return None

def fetch_manga_firefly():
    """MaNGA Firefly VAC (Goddard+2017) — 恒星質量・SFH"""
    import requests

    # MaNGA summary properties from SDSS
    # marvin-api or直接SQL
    url = ("https://data.sdss.org/sas/dr17/manga/spectro/pipe3d/v3_1_1/"
           "manga.Pipe3D-v3_1_1.fits")
    print(f"  SDSS Pipe3D FITS: checking...")
    # FITSは大きいのでヘッダのみ確認
    try:
        r = requests.head(url, timeout=30)
        if r.status_code == 200:
            size = r.headers.get('Content-Length', '?')
            print(f"  available: {size} bytes (use wget for full download)")
            return url
    except:
        pass
    return None

# ================================================================
# 2. MaNGA RAR データ（Lelli+2017 or Chae+2020）
# ================================================================
def fetch_manga_rar():
    """
    Lelli et al. 2017 (ApJ, 836, 152) — MaNGA RAR
    or Chae+2020 — MaNGA RAR extension
    VizieR: J/ApJ/836/152
    """
    import requests

    # Lelli+2017 MaNGA RAR — これが最も直接的
    catalog = "J/ApJ/836/152"
    url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
           f"?-source={catalog}"
           f"&amp;-out.max=50000&amp;-out.all")

    print(f"  VizieR Lelli+2017 RAR: {catalog} ...")
    try:
        r = requests.get(url, timeout=120)
        if r.status_code == 200 and len(r.text) &gt; 500:
            outpath = OUTDIR / "lelli2017_rar_raw.tsv"
            outpath.write_text(r.text)
            print(f"  -&gt; {outpath} ({len(r.text)} bytes)")
            return r.text
    except Exception as e:
        print(f"  error: {e}")

    # Chae+2020
    for cat in ["J/ApJ/904/51", "J/ApJ/877/18"]:
        url2 = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
                f"?-source={cat}&amp;-out.max=50000&amp;-out.all")
        print(f"  trying {cat}...")
        try:
            r = requests.get(url2, timeout=60)
            if r.status_code == 200 and len(r.text) &gt; 500:
                outpath = OUTDIR / f"rar_{cat.replace('/','_')}.tsv"
                outpath.write_text(r.text)
                print(f"  -&gt; {outpath}")
                return r.text
        except:
            pass

    return None

# ================================================================
# 3. パーサー
# ================================================================
def parse_tsv(text):
    """VizieR TSV をパース"""
    lines = text.strip().split('\n')
    header = None
    data_start = 0

    for i, line in enumerate(lines):
        if line.startswith('#') or line.startswith('-'):
            continue
        parts = line.split('\t')
        if len(parts) &gt;= 3:
            # 最初の数値でない行をヘッダと判定
            is_header = False
            for p in parts[:3]:
                p = p.strip()



                if p and not p.replace('.','').replace('-','').replace('+','').isdigit():
                    is_header = True
                    break
            if is_header or i &lt; 5:
                header = [p.strip() for p in parts]
                data_start = i + 1
                while data_start &lt; len(lines) and lines[data_start].startswith('-'):
                    data_start += 1
                break

    if header is None:
        # ヘッダなし: 列番号で参照
        print("  warning: no header found")
        return None

    rows = []
    for line in lines[data_start:]:
        if not line.strip() or line.startswith('#') or line.startswith('-'):
            continue
        parts = line.split('\t')
        if len(parts) &gt;= len(header):
            row = {}
            for j, h in enumerate(header):
                val = parts[j].strip()
                try:
                    row[h] = float(val)
                except ValueError:
                    row[h] = val
            rows.append(row)

    print(f"  parsed: {len(rows)} rows, {len(header)} cols")
    print(f"  columns: {header[:15]}")
    return {"header": header, "rows": rows}

# ================================================================
# 4. g_c 測定（RAR空間で）
# ================================================================
def measure_gc_from_rar(g_bar, g_obs, e_g_obs=None):
    """
    個別銀河の RAR データ (g_bar, g_obs) から g_c をフィット。
    g_obs = (g_bar + sqrt(g_bar^2 + 4*g_c*g_bar)) / 2
    """
    valid = (g_bar &gt; 0) &amp; (g_obs &gt; 0) &amp; np.isfinite(g_bar) &amp; np.isfinite(g_obs)
    if np.sum(valid) &lt; 3:
        return None

    gb = g_bar[valid]
    go = g_obs[valid]
    if e_g_obs is not None:
        eg = np.maximum(e_g_obs[valid], go * 0.05)
    else:
        eg = go * 0.1  # 10% default error

    def chi2(log_gc):
        gc = 10**log_gc
        g_pred = (gb + np.sqrt(gb**2 + 4*gc*gb)) / 2
        return np.sum(((go - g_pred) / eg)**2)

    try:
        res = minimize_scalar(chi2, bounds=(-12, -8), method='bounded')
        gc = 10**res.x
        return {
            "g_c": float(gc),
            "log_gc": float(np.log10(gc)),
            "gc_a0": float(gc / a0),
            "chi2": float(res.fun),
            "n_points": int(np.sum(valid)),
        }
    except:
        return None

# ================================================================
# 5. 銀河ごとの物性量からの g_c / G*Sigma_0 計算
# ================================================================
def compute_galaxy_properties(galaxies):
    """
    各銀河の V_max, R_e, M_star から G*Sigma_0 と g_c 予測を計算。
    
    g_c の測定法（RARデータがない場合の代替）:
    MOND の予測: g_obs = V_max^2/R_e として、
    g_bar = G*M_star/(2*pi*R_e^2) * (R/R_e) の簡易モデルからフィット
    """
    G_SI = 6.674e-11
    M_SUN = 1.989e30
    PC_M = 3.0857e16
    KPC_M = 3.0857e19

    results = []

    for g in galaxies:
        v_max = g.get("V_max") or g.get("Vmax") or g.get("v_max")
        r_e = g.get("R_e") or g.get("Re") or g.get("r_e")  # kpc
        m_star = g.get("M_star") or g.get("logMstar") or g.get("log_Mstar")
        name = g.get("name") or g.get("MaNGA_ID") or g.get("plateifu") or "unknown"

        if v_max is None or r_e is None:
            continue

        # V_max [km/s], R_e [kpc]
        try:
            v_max = float(v_max)
            r_e = float(r_e)
        except (ValueError, TypeError):



            continue

        if v_max &lt;= 0 or r_e &lt;= 0:
            continue

        # logMstar の処理
        if m_star is not None:
            try:
                m_star = float(m_star)
                if m_star &lt; 20:  # log scale
                    m_star = 10**m_star  # M_sun
            except:
                m_star = None

        # G*Sigma_0 proxy: v_max^2 / h_R
        # R_e ~ 1.678 * h_R (exponential disk)
        h_R = r_e / 1.678  # kpc
        v_max_si = v_max * 1e3  # m/s
        h_R_si = h_R * KPC_M   # m
        G_Sigma0 = v_max_si**2 / h_R_si  # m/s^2

        # g_obs at R_e: V_max^2 / R_e
        g_obs_Re = v_max_si**2 / (r_e * KPC_M)

        # g_bar at R_e (from M_star)
        if m_star is not None and m_star &gt; 0:
            # g_bar = G*M_star(&lt;R_e) / R_e^2
            # For exponential disk, M(&lt;R_e) ~ 0.736 * M_total
            g_bar_Re = G_SI * 0.736 * m_star * M_SUN / (r_e * KPC_M)**2
        else:
            g_bar_Re = None

        # g_c from MOND inversion at R_e
        # g_obs = (g_bar + sqrt(g_bar^2 + 4*g_c*g_bar)) / 2
        # -&gt; g_c = (2*g_obs - g_bar)^2 / (4*g_bar) - g_bar/4
        # -&gt; g_c = (g_obs^2 - g_obs*g_bar) / g_bar  (simplified)
        gc_est = None
        if g_bar_Re is not None and g_bar_Re &gt; 0:
            # From MOND relation: g_obs*(g_obs - g_bar) = g_c * g_bar
            gc_val = g_obs_Re * (g_obs_Re - g_bar_Re) / g_bar_Re
            if gc_val &gt; 0:
                gc_est = gc_val

        entry = {
            "name": str(name),
            "V_max": v_max,
            "R_e_kpc": r_e,
            "h_R_kpc": h_R,
            "G_Sigma0": G_Sigma0,
            "log_G_Sigma0": np.log10(G_Sigma0),
            "g_obs_Re": g_obs_Re,
        }
        if m_star:
            entry["M_star"] = m_star
            entry["log_Mstar"] = np.log10(m_star)
        if g_bar_Re:
            entry["g_bar_Re"] = g_bar_Re
        if gc_est:
            entry["g_c"] = gc_est
            entry["log_gc"] = np.log10(gc_est)
            entry["gc_a0"] = gc_est / a0

        results.append(entry)

    return results

# ================================================================
# 6. alpha 検定
# ================================================================
def alpha_test(galaxies, label=""):
    """OLS + t検定 + AIC"""
    valid_gals = [g for g in galaxies
                  if "log_gc" in g and "log_G_Sigma0" in g
                  and np.isfinite(g["log_gc"]) and np.isfinite(g["log_G_Sigma0"])]

    N = len(valid_gals)
    if N &lt; 5:
        print(f"  {label}: N={N} &lt; 5, insufficient")
        return None

    log_gc = np.array([g["log_gc"] for g in valid_gals])
    log_GS = np.array([g["log_G_Sigma0"] for g in valid_gals])

    # OLS
    A = np.vstack([np.ones(N), log_GS]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs

    y_pred = A @ coeffs
    resid = log_gc - y_pred
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)

    t_crit = t_dist.ppf(0.975, N - 2)
    ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)

    p05 = 2 * t_dist.sf(abs((alpha_fit - 0.5) / se_alpha), N - 2)
    p0 = 2 * t_dist.sf(abs(alpha_fit / se_alpha), N - 2)

    rho, p_spear = spearmanr(log_GS, log_gc)

    # AIC



    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)

    gc_geom = 0.5 * (np.log10(a0) + log_GS)
    eta_shift = np.mean(log_gc - gc_geom)
    rss_geom = np.sum((log_gc - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2

    rss_free = np.sum(resid**2)
    aic_free = N * np.log(rss_free / N) + 4

    return {
        "label": label, "N": N,
        "alpha": float(alpha_fit), "se_alpha": float(se_alpha),
        "ci_95": (float(ci[0]), float(ci[1])),
        "p05": float(p05), "p0": float(p0),
        "resid_std": float(resid_std),
        "rho": float(rho), "p_spear": float(p_spear),
        "dAIC_geom": float(aic_geom - aic_mond),
        "dAIC_free": float(aic_free - aic_mond),
        "intercept": float(intercept),
        "log_gc": log_gc, "log_GS": log_GS,
    }

# ================================================================
# 7. プロット
# ================================================================
def make_plots(results, sparc_alpha=0.545, sparc_se=0.041):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        print("matplotlib not available")
        return

    fig, axes = plt.subplots(2, 2, figsize=(14, 12))
    fig.suptitle(f"MaNGA independent verification: N={results['N']}",
                 fontsize=14, fontweight='bold')

    # (a) log(gc) vs log(G*Sigma_0)
    ax = axes[0, 0]
    ax.scatter(results["log_GS"], results["log_gc"], c='steelblue', s=10, alpha=0.3)

    x_range = np.linspace(results["log_GS"].min() - 0.3,
                          results["log_GS"].max() + 0.3, 100)
    y_fit = results["intercept"] + results["alpha"] * x_range
    y_05 = 0.5 * np.log10(a0) + 0.5 * x_range + \
           np.mean(results["log_gc"] - 0.5*(np.log10(a0)+results["log_GS"]))
    y_mond = np.full_like(x_range, np.log10(a0))

    ax.plot(x_range, y_fit, 'r-', lw=2,
            label=f'MaNGA alpha={results["alpha"]:.3f}+/-{results["se_alpha"]:.3f}')
    ax.plot(x_range, y_05, 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(x_range, y_mond, 'k:', lw=1, label='MOND')

    ax.set_xlabel('log(G*Sigma_0) [m/s^2]')
    ax.set_ylabel('log(g_c) [m/s^2]')
    ax.set_title(f'alpha={results["alpha"]:.3f}, p(0.5)={results["p05"]:.4f}')
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)

    # (b) alpha comparison
    ax = axes[0, 1]
    datasets = ['SPARC\n(N=175)', 'LT\n(N=22)', f'MaNGA\n(N={results["N"]})']
    alphas_p = [sparc_alpha, 0.576, results["alpha"]]
    ses_p = [sparc_se * 1.96, 0.047 * 2.09,
             results["se_alpha"] * t_dist.ppf(0.975, results["N"]-2)]
    colors_p = ['navy', 'coral', 'steelblue']

    for i, (a, e, c) in enumerate(zip(alphas_p, ses_p, colors_p)):
        ax.errorbar(a, i, xerr=e, fmt='o', ms=10, capsize=8,
                   color=c, elinewidth=2)

    ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.set_xlabel('alpha')
    ax.set_yticks(range(len(datasets)))
    ax.set_yticklabels(datasets)
    ax.set_title('alpha 95% CI comparison')
    ax.legend()
    ax.set_xlim(-0.2, 1.5)
    ax.grid(True, alpha=0.3)

    # (c) residual distribution
    ax = axes[1, 0]
    resid = results["log_gc"] - (results["intercept"] + results["alpha"] * results["log_GS"])
    ax.hist(resid, bins=50, color='steelblue', edgecolor='white', alpha=0.8, density=True)
    ax.axvline(0, color='red', ls='--')
    ax.set_xlabel('residual [dex]')
    ax.set_ylabel('density')
    ax.set_title(f'residual sigma={results["resid_std"]:.3f} dex')
    ax.grid(True, alpha=0.3)

    # (d) G*Sigma_0 coverage comparison
    ax = axes[1, 1]
    ax.hist(results["log_GS"], bins=30, alpha=0.6, color='steelblue',
            label=f'MaNGA (N={results["N"]})', density=True)
    # SPARC approximate range
    ax.axvspan(-11.5, -9.0, alpha=0.1, color='navy', label='SPARC range')
    # LT approximate range
    ax.axvspan(-11.8, -10.3, alpha=0.1, color='coral', label='LT range')
    ax.set_xlabel('log(G*Sigma_0) [m/s^2]')
    ax.set_ylabel('density')



    ax.set_title('G*Sigma_0 coverage')
    ax.legend(fontsize=9)
    ax.grid(True, alpha=0.3)

    plt.tight_layout()
    figpath = OUTDIR / "manga_verification.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"plot: {figpath}")

# ================================================================
# 8. メイン
# ================================================================
def main():
    print("=" * 70)
    print("N-2a: MaNGA independent verification")
    print("=" * 70)

    # --- データ取得 ---
    print("\n--- data acquisition ---")

    manga_data = None

    # 方法1: DynPop
    print("\n[1] MaNGA DynPop (Zhu+2023):")
    dynpop_text = fetch_manga_dynpop()
    if dynpop_text:
        dynpop = parse_tsv(dynpop_text)
        if dynpop and len(dynpop["rows"]) &gt; 100:
            manga_data = dynpop
            print(f"  DynPop: {len(dynpop['rows'])} galaxies")

    # 方法2: RAR データ
    print("\n[2] Lelli+2017 / Chae+2020 RAR:")
    rar_text = fetch_manga_rar()
    rar_data = None
    if rar_text:
        rar_data = parse_tsv(rar_text)
        if rar_data:
            print(f"  RAR: {len(rar_data['rows'])} data points")

    # 方法3: Pipe3D
    print("\n[3] Pipe3D (Sanchez+2022):")
    pipe3d_text = fetch_manga_pipe3d()
    pipe3d_data = None
    if pipe3d_text:
        pipe3d_data = parse_tsv(pipe3d_text)
        if pipe3d_data:
            print(f"  Pipe3D: {len(pipe3d_data['rows'])} galaxies")

    # --- データ選択と処理 ---
    print(f"\n--- processing ---")

    galaxies = []

    # DynPop があれば使用
    if manga_data and len(manga_data["rows"]) &gt; 100:
        print(f"  using DynPop ({len(manga_data['rows'])} rows)")
        print(f"  columns: {manga_data['header'][:15]}")

        # 列名の自動マッピング
        col_map = {}
        for h in manga_data["header"]:
            hl = h.lower()
            if 'vmax' in hl or 'v_max' in hl or hl == 'vc':
                col_map.setdefault('V_max', h)
            elif 're' in hl and 'kpc' in hl:
                col_map.setdefault('R_e', h)
            elif 're' == hl or hl == 'r_e':
                col_map.setdefault('R_e', h)
            elif 'mstar' in hl or 'logm' in hl or 'm_star' in hl:
                col_map.setdefault('M_star', h)
            elif 'plate' in hl or 'manga' in hl or 'name' in hl:
                col_map.setdefault('name', h)
            elif 'sigma' in hl and 'e' in hl:
                col_map.setdefault('sigma_e', h)

        print(f"  column mapping: {col_map}")

        for row in manga_data["rows"]:
            g = {}
            for key, col in col_map.items():
                if col in row:
                    g[key] = row[col]
            if g:
                galaxies.append(g)

    # Pipe3D があれば追加/代替
    if pipe3d_data and len(pipe3d_data["rows"]) &gt; 100 and len(galaxies) &lt; 100:
        print(f"  using Pipe3D ({len(pipe3d_data['rows'])} rows)")
        for row in pipe3d_data["rows"]:
            g = {}
            for h in pipe3d_data["header"]:
                hl = h.lower()
                if 'vmax' in hl or 'v_rot' in hl:
                    g['V_max'] = row.get(h)
                elif 're' in hl:
                    g['R_e'] = row.get(h)
                elif 'mass' in hl or 'logm' in hl:
                    g['M_star'] = row.get(h)
                elif 'plate' in hl or 'manga' in hl:
                    g['name'] = row.get(h)
            if 'V_max' in g:
                galaxies.append(g)
    print(f"\n  total galaxies with V_max: {len(galaxies)}")



    if len(galaxies) &lt; 10:
        print("\n  [WARNING] 十分な銀河数が取得できませんでした。")
        print("  考えられる原因:")
        print("    1. VizieR のカタログ構造が想定と異なる")
        print("    2. V_max 列名が自動マッピングに引っかからなかった")
        print("")
        print("  代替手段:")
        print("    (a) SDSS DR17 CAS から直接 SQL クエリ:")
        print("        SELECT p.plateifu, p.nsa_elpetro_mass, p.nsa_elpetro_th50_r,")
        print("               d.V_max, d.sigma_e")
        print("        FROM mangaDrpAll AS p")
        print("        JOIN mangaDynPop AS d ON p.plateifu = d.plateifu")
        print("        WHERE d.V_max &gt; 0")
        print("")
        print("    (b) MaNGA DynPop の FITS ファイルを直接ダウンロード:")
        print("        https://data.sdss.org/sas/dr17/manga/spectro/dynpop/")
        print("")
        print("    (c) Lelli+2017 の SPARC+ETG 結合 RAR データ:")

        # RAR データがあればそれで代替
        if rar_data and len(rar_data["rows"]) &gt; 50:
            print(f"\n  -&gt; RAR データ ({len(rar_data['rows'])} points) で代替解析を試行")

        # 取得できたカラム情報を保存
        info = {
            "dynpop_available": manga_data is not None,
            "dynpop_rows": len(manga_data["rows"]) if manga_data else 0,
            "dynpop_columns": manga_data["header"] if manga_data else [],
            "pipe3d_available": pipe3d_data is not None,
            "pipe3d_rows": len(pipe3d_data["rows"]) if pipe3d_data else 0,
            "rar_available": rar_data is not None,
            "rar_rows": len(rar_data["rows"]) if rar_data else 0,
            "galaxies_extracted": len(galaxies),
        }
        outpath = OUTDIR / "manga_data_info.json"
        with open(outpath, "w") as f:
            json.dump(info, f, indent=2, default=str)
        print(f"\n  data info saved: {outpath}")
        return

    # --- 物性量計算 ---
    print(f"\n--- computing galaxy properties ---")
    processed = compute_galaxy_properties(galaxies)
    with_gc = [g for g in processed if "g_c" in g]
    print(f"  processed: {len(processed)}, with g_c: {len(with_gc)}")

    if len(with_gc) &lt; 20:
        print(f"\n  g_c 推定成功が {len(with_gc)} 個と不足。")
        print("  M_star が必要（g_bar の計算に使用）。")
        print("  M_star 列の有無を確認してください。")

        # g_c なしでも G*Sigma_0 の分布は確認
        if len(processed) &gt; 50:
            log_GS = [g["log_G_Sigma0"] for g in processed if "log_G_Sigma0" in g]
            print(f"\n  G*Sigma_0 分布: N={len(log_GS)}")
            print(f"    range: [{min(log_GS):.2f}, {max(log_GS):.2f}]")
            print(f"    median: {np.median(log_GS):.2f}")
        return

    # --- alpha 検定 ---
    print(f"\n{'='*70}")
    print(f"alpha test: MaNGA (N={len(with_gc)})")
    print(f"{'='*70}")

    results = alpha_test(with_gc, "MaNGA")

    if results is None:
        return

    print(f"\n  alpha = {results['alpha']:.3f} +/- {results['se_alpha']:.3f}")
    print(f"  95% CI: [{results['ci_95'][0]:.3f}, {results['ci_95'][1]:.3f}]")
    print(f"  p(alpha=0.5) = {results['p05']:.4f}  "
          f"{'not rejected' if results['p05'] &gt; 0.05 else 'REJECTED'}")
    print(f"  p(alpha=0, MOND) = {results['p0']:.2e}")
    print(f"  residual sigma = {results['resid_std']:.3f} dex")
    print(f"  Spearman rho = {results['rho']:.3f} (p={results['p_spear']:.2e})")
    print(f"  dAIC(geom vs MOND) = {results['dAIC_geom']:.1f}")

    # SPARC との比較
    sparc_alpha, sparc_se = 0.545, 0.041
    diff = abs(results["alpha"] - sparc_alpha)
    combined_se = np.sqrt(results["se_alpha"]**2 + sparc_se**2)
    z_diff = diff / combined_se

    print(f"\n  SPARC comparison:")
    print(f"    |alpha_MaNGA - alpha_SPARC| = {diff:.3f}")
    print(f"    z = {z_diff:.2f} ({'consistent' if z_diff &lt; 2 else 'inconsistent'})")

    # G*Sigma_0 range
    print(f"\n  G*Sigma_0 range:")
    print(f"    MaNGA: [{min(results['log_GS']):.2f}, {max(results['log_GS']):.2f}]")
    print(f"    SPARC:  [-11.5, -9.0] (approx)")
    print(f"    LT:     [-11.8, -10.3] (approx)")

    # プロット
    make_plots(results)

    # 結果保存
    summary = {
        "dataset": "MaNGA",
        "N": results["N"],
        "alpha": results["alpha"],
        "se_alpha": results["se_alpha"],
        "ci_95": results["ci_95"],
        "p05": results["p05"],



        "p0": results["p0"],
        "resid_std": results["resid_std"],
        "dAIC_geom": results["dAIC_geom"],
        "sparc_z_score": float(z_diff),
        "sparc_consistent": bool(z_diff &lt; 2),
    }

    outpath = OUTDIR / "manga_verification_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2)
    print(f"\nresults: {outpath}")

    # 判定
    print(f"\n{'='*70}")
    print("verdict")
    print(f"{'='*70}")

    if results["p05"] &gt; 0.05 and z_diff &lt; 2:
        print(f"  alpha=0.5 is NOT REJECTED in MaNGA (p={results['p05']:.3f})")
        print(f"  SPARC alpha is CONSISTENT (z={z_diff:.2f})")
        print(f"  -&gt; Level A upgrade candidate for geometric mean law")
    elif results["p05"] &gt; 0.05:
        print(f"  alpha=0.5 not rejected but SPARC inconsistent")
    else:
        print(f"  alpha=0.5 REJECTED (p={results['p05']:.4f})")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#11. manga_v2.py

項目 内容

目的 MaNGA fast rotator (Lambda_Re>0.5) 限定。質量ビン別alpha安定性確認

依存 scipy,matplotlib,numpy,pandas

入力 manga_dynpop_raw.tsv

出力 manga_v2_results.json

実行 uv run --with scipy,matplotlib,numpy,pandas python manga_v2.py

ソースコード（632行）
# -*- coding: utf-8 -*-
"""
MaNGA 検証 v2: 回転支配系サブサンプルでの alpha 検定
=====================================================
v1の問題: 楕円銀河(sigma_e)と渦巻き(V_max)を混合 -&gt; alpha=0.92
v2: Lambda_Re &gt; 0.5 の回転支配系に限定し、V_max ベースで解析

Claude Code で実行:
  uv run --with scipy --with matplotlib --with numpy --with pandas python manga_v2.py

前提: manga_results/manga_dynpop_raw.tsv が存在（v1で取得済み）
"""

import numpy as np
import json
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist

OUTDIR = Path("manga_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10
G_SI = 6.674e-11
M_SUN = 1.989e30
KPC_M = 3.0857e19

# ================================================================
# 1. DynPop データ読み込み + カラム探索
# ================================================================
def load_dynpop():
    """v1で取得済みの DynPop TSV を読み込み、カラム構造を解析"""
    candidates = list(OUTDIR.glob("manga_dynpop*.tsv"))
    if not candidates:
        print("  DynPop ファイルなし。manga_verification.py を先に実行してください。")
        return None, None

    filepath = candidates[0]
    print(f"  loading: {filepath}")

    text = filepath.read_text(encoding='utf-8', errors='replace')
    lines = text.strip().split('\n')

    # ヘッダ検出
    header = None
    data_start = 0
    for i, line in enumerate(lines):
        if line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &gt;= 5:
            # 数値でない要素が多ければヘッダ
            non_numeric = sum(1 for p in parts[:5]
                             if p and not p.replace('.','').replace('-','').replace('+','').replace('e','').isdigit())
            if non_numeric &gt;= 3:
                header = parts
                data_start = i + 1
                while data_start &lt; len(lines) and lines[data_start].startswith('-'):
                    data_start += 1
                break

    if header is None:
        print("  ヘッダ検出失敗")
        return None, None

    print(f"  columns ({len(header)}): {header}")

    # データ行パース
    rows = []
    for line in lines[data_start:]:
        if not line.strip() or line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &gt;= len(header):
            row = {}
            for j, h in enumerate(header):
                val = parts[j]
                try:
                    row[h] = float(val)
                except ValueError:
                    row[h] = val
            rows.append(row)

    print(f"  rows: {len(rows)}")
    return header, rows

def identify_columns(header):



    """カラム名を自動マッピング"""
    col_map = {
        'name': None,
        'V_max': None,      # 最大回転速度
        'sigma_e': None,     # 速度分散
        'R_e': None,         # 有効半径 [kpc or arcsec]
        'log_Mstar': None,   # 恒星質量 [log M_sun]
        'lambda_Re': None,   # 回転支配度
        'T_type': None,      # 形態型
        'ellipticity': None, # 楕円率
        'n_sersic': None,    # Sersic index
    }

    for h in header:
        hl = h.lower().replace(' ', '').replace('_', '')
        # V_max
        if any(k in hl for k in ['vmax', 'vmaxr', 'vcirc', 'vrot']):
            col_map['V_max'] = col_map['V_max'] or h
        # sigma_e
        elif any(k in hl for k in ['sigmae', 'sigmare', 'sigma0', 'veldisp']):
            col_map['sigma_e'] = col_map['sigma_e'] or h
        # R_e
        elif any(k in hl for k in ['rekpc', 'remaj', 'reff']):
            col_map['R_e'] = col_map['R_e'] or h
        elif hl in ['re', 'rh']:
            col_map['R_e'] = col_map['R_e'] or h
        # M_star
        elif any(k in hl for k in ['logmstar', 'logm*', 'logmass', 'mstar']):
            col_map['log_Mstar'] = col_map['log_Mstar'] or h
        # lambda_Re
        elif any(k in hl for k in ['lambdare', 'lambda', 'lambdaer']):
            col_map['lambda_Re'] = col_map['lambda_Re'] or h
        # T-type
        elif any(k in hl for k in ['ttype', 'hubble', 'morph']):
            col_map['T_type'] = col_map['T_type'] or h
        # name
        elif any(k in hl for k in ['plateifu', 'mangaid', 'name']):
            col_map['name'] = col_map['name'] or h
        # ellipticity
        elif 'elli' in hl or hl == 'eps':
            col_map['ellipticity'] = col_map['ellipticity'] or h
        # Sersic
        elif 'sersic' in hl or hl == 'n':
            col_map['n_sersic'] = col_map['n_sersic'] or h

    return col_map

# ================================================================
# 2. フィルタリング
# ================================================================
def filter_rotators(rows, col_map, lambda_cut=0.5, vmax_min=30):
    """
    回転支配系のみ抽出:
    - Lambda_Re &gt; lambda_cut (fast rotator)
    - V_max &gt; vmax_min km/s
    - V_max が存在すること
    """
    rotators = []
    pressure = []
    no_lambda = []
    no_vmax = []

    for row in rows:
        # V_max
        v_max = None
        if col_map['V_max'] and col_map['V_max'] in row:
            try:
                v_max = float(row[col_map['V_max']])
            except (ValueError, TypeError):
                pass

        # Lambda_Re
        lam = None
        if col_map['lambda_Re'] and col_map['lambda_Re'] in row:
            try:
                lam = float(row[col_map['lambda_Re']])
            except (ValueError, TypeError):
                pass

        # sigma_e（V_maxがない場合の代替）
        sig = None
        if col_map['sigma_e'] and col_map['sigma_e'] in row:
            try:
                sig = float(row[col_map['sigma_e']])
            except (ValueError, TypeError):
                pass

        # R_e
        r_e = None
        if col_map['R_e'] and col_map['R_e'] in row:
            try:
                r_e = float(row[col_map['R_e']])
            except (ValueError, TypeError):
                pass

        # M_star
        log_ms = None
        if col_map['log_Mstar'] and col_map['log_Mstar'] in row:
            try:
                log_ms = float(row[col_map['log_Mstar']])
            except (ValueError, TypeError):
                pass

        # name



        name = row.get(col_map['name'], 'unknown') if col_map['name'] else 'unknown'

        # フィルタ
        if v_max is None or v_max &lt;= 0:
            # V_maxなし: sigma_eがあればslow rotator候補として記録
            if sig and sig &gt; 0:
                no_vmax.append({"name": name, "sigma_e": sig, "lambda_Re": lam})
            continue

        if v_max &lt; vmax_min:
            continue

        if lam is None:
            no_lambda.append({"name": name, "V_max": v_max})
            # Lambda_Re がなくてもV_maxがあれば回転系として使用
            rotators.append({
                "name": name, "V_max": v_max, "R_e": r_e,
                "log_Mstar": log_ms, "lambda_Re": lam, "sigma_e": sig,
                "filter": "V_max_only"
            })
            continue

        if lam &gt;= lambda_cut:
            rotators.append({
                "name": name, "V_max": v_max, "R_e": r_e,
                "log_Mstar": log_ms, "lambda_Re": lam, "sigma_e": sig,
                "filter": "fast_rotator"
            })
        else:
            pressure.append({
                "name": name, "V_max": v_max, "lambda_Re": lam, "sigma_e": sig,
            })

    return rotators, pressure, no_lambda, no_vmax

# ================================================================
# 3. g_c / G*Sigma_0 計算
# ================================================================
def compute_properties(galaxies):
    """V_max, R_e, M_star から g_c と G*Sigma_0 を計算"""
    results = []

    for g in galaxies:
        v_max = g.get("V_max")
        r_e = g.get("R_e")
        log_ms = g.get("log_Mstar")

        if v_max is None or r_e is None or v_max &lt;= 0 or r_e &lt;= 0:
            continue

        # h_R = R_e / 1.678 (exponential disk)
        h_R = r_e / 1.678
        v_si = v_max * 1e3
        h_si = h_R * KPC_M

        G_Sigma0 = v_si**2 / h_si

        # g_obs at R_e
        g_obs_Re = v_si**2 / (r_e * KPC_M)

        # g_bar at R_e (from M_star)
        gc_est = None
        g_bar_Re = None
        if log_ms is not None and log_ms &gt; 5:
            m_star = 10**log_ms
            # M(&lt;R_e) ~ 0.736 * M_total for exponential disk
            g_bar_Re = G_SI * 0.736 * m_star * M_SUN / (r_e * KPC_M)**2

            if g_bar_Re &gt; 0 and g_obs_Re &gt; g_bar_Re:
                gc_est = g_obs_Re * (g_obs_Re - g_bar_Re) / g_bar_Re

        entry = dict(g)
        entry["h_R_kpc"] = h_R
        entry["G_Sigma0"] = G_Sigma0
        entry["log_G_Sigma0"] = np.log10(G_Sigma0)
        entry["g_obs_Re"] = g_obs_Re
        if g_bar_Re:
            entry["g_bar_Re"] = g_bar_Re
        if gc_est and gc_est &gt; 0:
            entry["g_c"] = gc_est
            entry["log_gc"] = np.log10(gc_est)
            entry["gc_a0"] = gc_est / a0

        results.append(entry)

    return results

# ================================================================
# 4. alpha 検定
# ================================================================
def alpha_test(galaxies, label=""):
    valid = [g for g in galaxies
             if "log_gc" in g and "log_G_Sigma0" in g
             and np.isfinite(g["log_gc"]) and np.isfinite(g["log_G_Sigma0"])
             and g["log_gc"] &gt; -15 and g["log_gc"] &lt; -5]

    N = len(valid)
    if N &lt; 10:
        return None

    log_gc = np.array([g["log_gc"] for g in valid])
    log_GS = np.array([g["log_G_Sigma0"] for g in valid])
    A = np.vstack([np.ones(N), log_GS]).T



    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs

    resid = log_gc - A @ coeffs
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)

    t_crit = t_dist.ppf(0.975, N - 2)
    ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)

    p05 = 2 * t_dist.sf(abs((alpha_fit - 0.5) / se_alpha), N - 2)
    p0 = 2 * t_dist.sf(abs(alpha_fit / se_alpha), N - 2)

    rho, p_spear = spearmanr(log_GS, log_gc)

    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)

    gc_geom = 0.5 * (np.log10(a0) + log_GS)
    eta_shift = np.mean(log_gc - gc_geom)
    rss_geom = np.sum((log_gc - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2

    return {
        "label": label, "N": N,
        "alpha": float(alpha_fit), "se_alpha": float(se_alpha),
        "ci_95": (float(ci[0]), float(ci[1])),
        "p05": float(p05), "p0": float(p0),
        "resid_std": float(resid_std),
        "rho": float(rho), "p_spear": float(p_spear),
        "dAIC_geom": float(aic_geom - aic_mond),
        "intercept": float(intercept),
        "eta_shift": float(eta_shift),
        "log_gc": log_gc, "log_GS": log_GS,
    }

# ================================================================
# 5. 質量ビン別解析
# ================================================================
def mass_bin_analysis(galaxies):
    """log(M_star) ビンごとの alpha を計算"""
    valid = [g for g in galaxies if "log_gc" in g and "log_Mstar" in g
             and g["log_Mstar"] is not None]
    if len(valid) &lt; 30:
        return []

    log_ms = np.array([g["log_Mstar"] for g in valid])
    bins = [(8, 9.5, "dwarf"), (9.5, 10.5, "intermediate"), (10.5, 12, "massive")]

    results = []
    for lo, hi, label in bins:
        subset = [g for g in valid if lo &lt;= g["log_Mstar"] &lt; hi]
        if len(subset) &lt; 10:
            results.append({"bin": label, "N": len(subset), "alpha": None})
            continue
        r = alpha_test(subset, label)
        if r:
            results.append({"bin": label, "N": r["N"],
                           "alpha": r["alpha"], "se": r["se_alpha"],
                           "p05": r["p05"]})
        else:
            results.append({"bin": label, "N": len(subset), "alpha": None})

    return results

# ================================================================
# 6. プロット
# ================================================================
def make_plots(results_all, results_rot, mass_bins):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        return

    fig, axes = plt.subplots(2, 3, figsize=(18, 11))
    fig.suptitle("MaNGA v2: rotation-dominated subsample", fontsize=14, fontweight='bold')

    # (a) all vs rotators: log(gc) vs log(G*Sigma_0)
    ax = axes[0, 0]
    if results_all:
        ax.scatter(results_all["log_GS"], results_all["log_gc"],
                  c='gray', s=5, alpha=0.2, label=f'all (N={results_all["N"]})')
    if results_rot:
        ax.scatter(results_rot["log_GS"], results_rot["log_gc"],
                  c='steelblue', s=8, alpha=0.4,
                  label=f'rotators (N={results_rot["N"]})')
        x_r = np.linspace(results_rot["log_GS"].min()-0.3,
                          results_rot["log_GS"].max()+0.3, 100)
        ax.plot(x_r, results_rot["intercept"] + results_rot["alpha"]*x_r,
                'r-', lw=2, label=f'alpha={results_rot["alpha"]:.3f}')
        y05 = 0.5*np.log10(a0) + 0.5*x_r + results_rot["eta_shift"]
        ax.plot(x_r, y05, 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(x_r, np.full_like(x_r, np.log10(a0)), 'k:', label='MOND')
    ax.set_xlabel('log(G*Sigma_0)')
    ax.set_ylabel('log(g_c)')
    ax.set_title('Rotator subsample')
    ax.legend(fontsize=7)
    ax.grid(True, alpha=0.3)



    # (b) alpha comparison across datasets
    ax = axes[0, 1]
    datasets = ['SPARC\n(N=175)', 'LT+SPARC\n(N=178)',
                f'MaNGA all\n(N={results_all["N"] if results_all else "?"})',
                f'MaNGA rot\n(N={results_rot["N"] if results_rot else "?"})']
    alphas = [0.545, 0.576,
              results_all["alpha"] if results_all else 0,
              results_rot["alpha"] if results_rot else 0]
    ses = [0.041*1.96, 0.047*2.09,
           results_all["se_alpha"]*1.96 if results_all else 0,
           results_rot["se_alpha"]*t_dist.ppf(0.975, max(results_rot["N"]-2,1)) if results_rot else 0]
    cols = ['navy', 'coral', 'gray', 'steelblue']

    for i, (a, e, c) in enumerate(zip(alphas, ses, cols)):
        if a != 0:
            ax.errorbar(a, i, xerr=e, fmt='o', ms=10, capsize=8, color=c, elinewidth=2)
    ax.axvline(0.5, color='green', ls='--', lw=2, label='alpha=0.5')
    ax.set_xlabel('alpha')
    ax.set_yticks(range(len(datasets)))
    ax.set_yticklabels(datasets, fontsize=9)
    ax.set_title('alpha comparison')
    ax.legend()
    ax.set_xlim(-0.1, 1.3)
    ax.grid(True, alpha=0.3)

    # (c) mass bin analysis
    ax = axes[0, 2]
    if mass_bins:
        valid_bins = [b for b in mass_bins if b["alpha"] is not None]
        if valid_bins:
            labels_b = [b["bin"] for b in valid_bins]
            alphas_b = [b["alpha"] for b in valid_bins]
            ses_b = [b.get("se", 0)*1.96 for b in valid_bins]
            ax.errorbar(alphas_b, range(len(labels_b)), xerr=ses_b,
                       fmt='o', ms=10, capsize=8, color='steelblue', elinewidth=2)
            ax.axvline(0.5, color='green', ls='--', lw=2)
            ax.axvline(0.545, color='navy', ls=':', lw=1.5, label='SPARC')
            ax.set_xlabel('alpha')
            ax.set_yticks(range(len(labels_b)))
            ax.set_yticklabels([f"{b['bin']} (N={b['N']})" for b in valid_bins])
            ax.set_title('alpha by mass bin')
            ax.legend()
    ax.grid(True, alpha=0.3)

    # (d) residual distribution
    ax = axes[1, 0]
    if results_rot:
        resid = results_rot["log_gc"] - (results_rot["intercept"] +
                results_rot["alpha"]*results_rot["log_GS"])
        ax.hist(resid, bins=40, color='steelblue', edgecolor='white', density=True)
        ax.axvline(0, color='red', ls='--')
        ax.set_xlabel('residual [dex]')
        ax.set_title(f'residual sigma={results_rot["resid_std"]:.3f} dex')
    ax.grid(True, alpha=0.3)

    # (e) Lambda_Re distribution
    ax = axes[1, 1]
    ax.set_title('Lambda_Re distribution')
    ax.set_xlabel('Lambda_Re')
    ax.grid(True, alpha=0.3)

    # (f) G*Sigma_0 coverage
    ax = axes[1, 2]
    if results_rot:
        ax.hist(results_rot["log_GS"], bins=30, alpha=0.6, color='steelblue',
                label='MaNGA rotators', density=True)
    ax.axvspan(-11.5, -9.0, alpha=0.1, color='navy', label='SPARC range')
    ax.axvspan(-11.8, -10.3, alpha=0.1, color='coral', label='LT range')
    ax.set_xlabel('log(G*Sigma_0)')
    ax.set_title('coverage comparison')
    ax.legend(fontsize=8)
    ax.grid(True, alpha=0.3)

    plt.tight_layout()
    figpath = OUTDIR / "manga_v2_rotators.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"plot: {figpath}")

# ================================================================
# 7. メイン
# ================================================================
def main():
    print("=" * 70)
    print("MaNGA v2: rotation-dominated subsample")
    print("=" * 70)

    # データ読み込み
    print("\n--- loading DynPop ---")
    header, rows = load_dynpop()
    if rows is None:
        return

    # カラムマッピング
    col_map = identify_columns(header)
    print(f"\n  column mapping:")
    for k, v in col_map.items():
        print(f"    {k}: {v}")

    # フィルタリング
    print(f"\n--- filtering ---")
    rotators, pressure, no_lambda, no_vmax = filter_rotators(rows, col_map)
    print(f"  fast rotators (Lambda_Re &gt; 0.5 or V_max only): {len(rotators)}")
    print(f"  pressure-dominated (Lambda_Re &lt; 0.5): {len(pressure)}")
    print(f"  no Lambda_Re: {len(no_lambda)}")



    print(f"  no V_max (sigma_e only): {len(no_vmax)}")

    # 物性量計算
    print(f"\n--- computing properties ---")

    # 全銀河
    all_gals_raw = []
    for row in rows:
        g = {}
        if col_map['V_max'] and col_map['V_max'] in row:
            try: g['V_max'] = float(row[col_map['V_max']])
            except: pass
        elif col_map['sigma_e'] and col_map['sigma_e'] in row:
            try: g['V_max'] = float(row[col_map['sigma_e']]) * np.sqrt(2)
            except: pass
        if col_map['R_e'] and col_map['R_e'] in row:
            try: g['R_e'] = float(row[col_map['R_e']])
            except: pass
        if col_map['log_Mstar'] and col_map['log_Mstar'] in row:
            try: g['log_Mstar'] = float(row[col_map['log_Mstar']])
            except: pass
        if g.get('V_max') and g.get('R_e'):
            all_gals_raw.append(g)

    all_processed = compute_properties(all_gals_raw)
    all_with_gc = [g for g in all_processed if "g_c" in g]
    print(f"  all: {len(all_processed)} processed, {len(all_with_gc)} with g_c")

    # 回転支配系のみ
    rot_processed = compute_properties(rotators)
    rot_with_gc = [g for g in rot_processed if "g_c" in g]
    print(f"  rotators: {len(rot_processed)} processed, {len(rot_with_gc)} with g_c")

    # alpha 検定
    print(f"\n{'='*70}")
    print("alpha test")
    print(f"{'='*70}")

    print(f"\n--- all galaxies ---")
    results_all = alpha_test(all_with_gc, "MaNGA all")
    if results_all:
        print(f"  N={results_all['N']}, alpha={results_all['alpha']:.3f} +/- {results_all['se_alpha']:.3f}")
        print(f"  p(alpha=0.5)={results_all['p05']:.2e}")

    print(f"\n--- rotators only ---")
    results_rot = alpha_test(rot_with_gc, "MaNGA rotators")
    if results_rot:
        print(f"  N={results_rot['N']}, alpha={results_rot['alpha']:.3f} +/- {results_rot['se_alpha']:.3f}")
        print(f"  95% CI: [{results_rot['ci_95'][0]:.3f}, {results_rot['ci_95'][1]:.3f}]")
        print(f"  p(alpha=0.5)={results_rot['p05']:.4f}  "
              f"{'not rejected' if results_rot['p05'] &gt; 0.05 else 'REJECTED'}")
        print(f"  p(alpha=0, MOND)={results_rot['p0']:.2e}")
        print(f"  residual sigma={results_rot['resid_std']:.3f} dex")
        print(f"  Spearman rho={results_rot['rho']:.3f}")
        print(f"  dAIC(geom vs MOND)={results_rot['dAIC_geom']:.1f}")

        # SPARC比較
        diff = abs(results_rot["alpha"] - 0.545)
        comb_se = np.sqrt(results_rot["se_alpha"]**2 + 0.041**2)
        z = diff / comb_se
        print(f"\n  SPARC comparison: z={z:.2f} ({'consistent' if z &lt; 2 else 'inconsistent'})")

    # 質量ビン別
    print(f"\n--- mass bin analysis ---")
    mass_bins = mass_bin_analysis(rot_with_gc)
    if mass_bins:
        print(f"\n  {'bin':&lt;15} {'N':&gt;5} {'alpha':&gt;8} {'se':&gt;6} {'p(0.5)':&gt;10}")
        print(f"  {'-'*48}")
        for b in mass_bins:
            if b["alpha"] is not None:
                print(f"  {b['bin']:&lt;15} {b['N']:&gt;5} {b['alpha']:&gt;8.3f} "
                      f"{b.get('se',0):&gt;6.3f} {b.get('p05',0):&gt;10.4f}")
            else:
                print(f"  {b['bin']:&lt;15} {b['N']:&gt;5} {'--':&gt;8}")

    # 比較テーブル
    print(f"\n{'='*70}")
    print("comparison table")
    print(f"{'='*70}")
    print(f"\n  {'dataset':&lt;20} {'N':&gt;6} {'alpha':&gt;8} {'se':&gt;6} {'p(0.5)':&gt;10} {'sigma':&gt;6}")
    print(f"  {'-'*58}")
    print(f"  {'SPARC':&lt;20} {'175':&gt;6} {'0.545':&gt;8} {'0.041':&gt;6} {'0.273':&gt;10} {'0.312':&gt;6}")
    print(f"  {'LT+SPARC':&lt;20} {'178':&gt;6} {'0.576':&gt;8} {'0.047':&gt;6} {'0.109':&gt;10} {'0.373':&gt;6}")
    if results_all:
        print(f"  {'MaNGA all':&lt;20} {results_all['N']:&gt;6} {results_all['alpha']:&gt;8.3f} "
              f"{results_all['se_alpha']:&gt;6.3f} {results_all['p05']:&gt;10.2e} "
              f"{results_all['resid_std']:&gt;6.3f}")
    if results_rot:
        print(f"  {'MaNGA rotators':&lt;20} {results_rot['N']:&gt;6} {results_rot['alpha']:&gt;8.3f} "
              f"{results_rot['se_alpha']:&gt;6.3f} {results_rot['p05']:&gt;10.4f} "
              f"{results_rot['resid_std']:&gt;6.3f}")

    # プロット
    make_plots(results_all, results_rot, mass_bins)

    # 結果保存
    summary = {
        "all": {k: v for k, v in results_all.items()
                if not isinstance(v, np.ndarray)} if results_all else None,
        "rotators": {k: v for k, v in results_rot.items()
                     if not isinstance(v, np.ndarray)} if results_rot else None,
        "mass_bins": mass_bins,
        "filter_stats": {
            "total_rows": len(rows),
            "fast_rotators": len(rotators),



            "pressure_dominated": len(pressure),
            "rotators_with_gc": len(rot_with_gc),
        },
    }
    outpath = OUTDIR / "manga_v2_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2, default=str)
    print(f"\nresults: {outpath}")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#12. probes_verification.py

項目 内容

目的 PROBES (Stone+2021) 1,623銀河+代替5カタログ。SPARC重複除去後alpha検定

依存 requests,scipy,matplotlib,numpy,pandas

入力 VizieR/CADC

出力 probes_verification_results.json

実行 uv run --with requests,scipy,matplotlib,numpy,pandas python probes_verification.py

ソースコード（702行）
# -*- coding: utf-8 -*-
"""
N-2a: PROBES による幾何平均法則の独立検証
==========================================
Claude Code で実行:
  uv run --with requests --with scipy --with matplotlib --with numpy --with pandas python probes_verification.py

PROBES: Stone et al. 2021 (ApJS, 256, 19)
  - ~1,500 spiral galaxies with resolved rotation curves
  - Optical + HI rotation curves (V(R) profiles)
  - Photometric parameters (h_R, M_star, etc.)
  - SPARCと同じ手法（回転曲線全体からg_cフィット）が適用可能

VizieR: J/ApJS/256/19
"""

import numpy as np
import json
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist

OUTDIR = Path("probes_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10
G_SI = 6.674e-11
M_SUN = 1.989e30
KPC_M = 3.0857e19

# ================================================================
# 1. データ取得
# ================================================================
def fetch_probes_catalog():
    """VizieR から PROBES カタログを取得"""
    import requests

    catalog = "J/ApJS/256/19"

    # テーブル一覧を試行
    tables_to_try = [
        ("", "main catalog"),
        ("/table1", "galaxy properties"),
        ("/table2", "rotation curves"),
        ("/catalog", "catalog"),
        ("/probes", "probes"),
        ("/galaxies", "galaxies"),
    ]

    results = {}
    for suffix, desc in tables_to_try:
        url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
               f"?-source={catalog}{suffix}"
               f"&amp;-out.max=50000&amp;-out.all")
        print(f"  {desc}: {catalog}{suffix} ...", end=" ")
        try:
            r = requests.get(url, timeout=120)
            if r.status_code == 200 and len(r.text) &gt; 500:
                outpath = OUTDIR / f"probes{suffix.replace('/','_') or '_main'}.tsv"
                outpath.write_text(r.text)
                print(f"OK ({len(r.text)} bytes)")
                results[suffix or "main"] = r.text
            else:
                print(f"HTTP {r.status_code}, {len(r.text)} bytes")
        except Exception as e:
            print(f"error: {e}")

    return results

def fetch_probes_github():
    """PROBES GitHub リポジトリからの直接取得"""
    import requests

    # Stone+2021 のデータは GitHub で公開されている場合がある
    urls = [
        "https://raw.githubusercontent.com/CullanHowlett/PROBES/main/PROBES_catalog.csv",
        "https://raw.githubusercontent.com/PROBES-project/PROBES/main/data/catalog.csv",
    ]

    for url in urls:
        print(f"  GitHub: {url} ...", end=" ")
        try:
            r = requests.get(url, timeout=30)
            if r.status_code == 200 and len(r.text) &gt; 500:
                outpath = OUTDIR / "probes_github.csv"
                outpath.write_text(r.text)
                print(f"OK ({len(r.text)} bytes)")



                return r.text
            print(f"HTTP {r.status_code}")
        except Exception as e:
            print(f"{e}")

    return None

def fetch_alternative_rc_catalogs():
    """代替の回転曲線カタログ"""
    import requests

    alternatives = [
        # Sofue 2016 (PASJ 68, 2) - compiled RC
        ("J/PASJ/68/2", "Sofue 2016 RC compilation"),
        # Karukes &amp; Salucci 2017 - dwarf spirals
        ("J/MNRAS/465/4703", "Karukes+2017 dwarf spirals"),
        # Lelli+2016 SPARC RAR table
        ("J/AJ/152/157", "Lelli+2016 SPARC"),
        # Ponomareva+2018 - Tully-Fisher
        ("J/MNRAS/474/4366", "Ponomareva+2018"),
        # Shelest &amp; Lelli 2020 - RAR in ETGs
        ("J/A+A/641/A31", "Shelest+Lelli 2020 ETG RAR"),
    ]

    results = {}
    for cat, desc in alternatives:
        url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
               f"?-source={cat}&amp;-out.max=30000&amp;-out.all")
        print(f"  {desc}: {cat} ...", end=" ")
        try:
            r = requests.get(url, timeout=60)
            if r.status_code == 200 and len(r.text) &gt; 500:
                outpath = OUTDIR / f"alt_{cat.replace('/','_')}.tsv"
                outpath.write_text(r.text)
                print(f"OK ({len(r.text)} bytes)")
                results[cat] = {"text": r.text, "desc": desc}
            else:
                print(f"{r.status_code}")
        except Exception as e:
            print(f"{e}")
    return results

# ================================================================
# 2. TSV パーサー
# ================================================================
def parse_tsv(text):
    lines = text.strip().split('\n')
    header = None
    data_start = 0

    for i, line in enumerate(lines):
        if line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &gt;= 3:
            non_num = sum(1 for p in parts[:5]
                         if p and not p.replace('.','').replace('-','').replace('+','').replace('e','').isdigit())
            if non_num &gt;= 2 or i &lt; 5:
                header = parts
                data_start = i + 1
                while data_start &lt; len(lines) and lines[data_start].startswith('-'):
                    data_start += 1
                break

    if header is None:
        return None

    rows = []
    for line in lines[data_start:]:
        if not line.strip() or line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &gt;= len(header):
            row = {}
            for j, h in enumerate(header):
                try:
                    row[h] = float(parts[j])
                except ValueError:
                    row[h] = parts[j]
            rows.append(row)

    return {"header": header, "rows": rows}

# ================================================================
# 3. 銀河物性量の抽出とg_c計算
# ================================================================
def extract_galaxy_properties(data):
    """カタログから V_flat, h_R, M_star を抽出し g_c を計算"""
    header = data["header"]
    rows = data["rows"]

    print(f"  columns: {header[:20]}")

    # カラム自動マッピング
    col_map = {}
    for h in header:
        hl = h.lower().replace(' ','').replace('_','')
        if any(k in hl for k in ['vflat','vrot','vmax','vc','vmean']):
            col_map.setdefault('V_flat', h)
        elif any(k in hl for k in ['hrkpc','rdkpc','rscale','hrdisk','scalelength']):
            col_map.setdefault('h_R', h)
        elif any(k in hl for k in ['rekpc','reff','rhlkpc']):



            col_map.setdefault('R_e', h)
        elif any(k in hl for k in ['logmstar','logm','mstar','stellarmass']):
            col_map.setdefault('log_Mstar', h)
        elif any(k in hl for k in ['dist','distance','dmpc']):
            col_map.setdefault('dist', h)
        elif any(k in hl for k in ['name','galaxy','id','source']):
            col_map.setdefault('name', h)
        elif any(k in hl for k in ['type','ttype','morph','hubble']):
            col_map.setdefault('T_type', h)
        elif any(k in hl for k in ['sbdisk','surfbright','mu0','sb']):
            col_map.setdefault('SB', h)
        elif any(k in hl for k in ['upsilon','ml','masstolight']):
            col_map.setdefault('Upsilon', h)

    print(f"  mapping: {col_map}")

    galaxies = []
    for row in rows:
        g = {"raw": {k: row.get(k) for k in col_map.values() if k}}

        # V_flat
        v_flat = None
        if col_map.get('V_flat') and col_map['V_flat'] in row:
            try: v_flat = float(row[col_map['V_flat']])
            except: pass
        if v_flat is None or v_flat &lt;= 10:
            continue

        # h_R
        h_R = None
        if col_map.get('h_R') and col_map['h_R'] in row:
            try: h_R = float(row[col_map['h_R']])
            except: pass
        if h_R is None and col_map.get('R_e') and col_map['R_e'] in row:
            try: h_R = float(row[col_map['R_e']]) / 1.678
            except: pass
        if h_R is None or h_R &lt;= 0:
            continue

        # M_star
        log_ms = None
        if col_map.get('log_Mstar') and col_map['log_Mstar'] in row:
            try: log_ms = float(row[col_map['log_Mstar']])
            except: pass

        # name
        name = str(row.get(col_map.get('name', ''), 'unknown'))

        # G*Sigma_0
        v_si = v_flat * 1e3
        h_si = h_R * KPC_M
        G_Sigma0 = v_si**2 / h_si

        # g_c from MOND inversion
        # g_obs at R_e ~ 2.2*h_R (peak of exponential disk)
        R_peak = 2.2 * h_R
        g_obs = v_si**2 / (R_peak * KPC_M)

        gc_est = None
        if log_ms is not None and log_ms &gt; 5:
            m_star = 10**log_ms
            # g_bar at R_peak: M(&lt;R_peak) ~ 0.65 * M_total
            g_bar = G_SI * 0.65 * m_star * M_SUN / (R_peak * KPC_M)**2
            if g_bar &gt; 0 and g_obs &gt; g_bar:
                gc_est = g_obs * (g_obs - g_bar) / g_bar
        entry = {
            "name": name, "V_flat": v_flat, "h_R_kpc": h_R,
            "G_Sigma0": G_Sigma0, "log_G_Sigma0": np.log10(G_Sigma0),
            "g_obs": g_obs,
        }
        if log_ms: entry["log_Mstar"] = log_ms
        if gc_est and gc_est &gt; 0:
            entry["g_c"] = gc_est
            entry["log_gc"] = np.log10(gc_est)
            entry["gc_a0"] = gc_est / a0

        galaxies.append(entry)

    return galaxies

def extract_rc_and_fit_gc(data):
    """
    回転曲線テーブルがある場合、銀河ごとにg_cをフィット。
    テーブル形式: Name, R[kpc], Vobs[km/s], Vbar[km/s], ...
    """
    header = data["header"]
    rows = data["rows"]

    # 銀河名カラムを特定
    name_col = None
    r_col = None
    vobs_col = None
    vbar_col = None

    for h in header:
        hl = h.lower()
        if 'name' in hl or 'galaxy' in hl or 'source' in hl:
            name_col = name_col or h
        elif hl in ['r', 'rad', 'radius'] or 'rkpc' in hl:
            r_col = r_col or h
        elif 'vobs' in hl or 'vrot' in hl or 'vc' in hl:
            vobs_col = vobs_col or h
        elif 'vbar' in hl or 'vbary' in hl:
            vbar_col = vbar_col or h



    if not all([name_col, r_col, vobs_col]):
        print(f"  RC columns not found: name={name_col}, r={r_col}, vobs={vobs_col}")
        return None

    print(f"  RC columns: name={name_col}, r={r_col}, vobs={vobs_col}, vbar={vbar_col}")

    # 銀河ごとにグループ化
    from collections import defaultdict
    galaxy_data = defaultdict(lambda: {"r": [], "vobs": [], "vbar": []})

    for row in rows:
        name = str(row.get(name_col, ""))
        if not name:
            continue
        try:
            r = float(row[r_col])
            v = float(row[vobs_col])
        except (ValueError, TypeError, KeyError):
            continue

        galaxy_data[name]["r"].append(r)
        galaxy_data[name]["vobs"].append(v)
        if vbar_col and vbar_col in row:
            try:
                galaxy_data[name]["vbar"].append(float(row[vbar_col]))
            except:
                galaxy_data[name]["vbar"].append(0)

    print(f"  galaxies with RC: {len(galaxy_data)}")

    # g_c フィット
    results = []
    for name, gdata in galaxy_data.items():
        r = np.array(gdata["r"])
        vobs = np.array(gdata["vobs"])
        vbar = np.array(gdata["vbar"]) if gdata["vbar"] else None

        if len(r) &lt; 5 or vbar is None or len(vbar) != len(r):
            continue

        r_m = r * KPC_M
        valid = (r_m &gt; 0) &amp; (vobs &gt; 0) &amp; (vbar &gt; 0)
        if np.sum(valid) &lt; 3:
            continue

        g_N = (vbar[valid] * 1e3)**2 / r_m[valid]
        g_obs = (vobs[valid] * 1e3)**2 / r_m[valid]

        def chi2(log_gc):
            gc = 10**log_gc
            g_pred = (g_N + np.sqrt(g_N**2 + 4*gc*g_N)) / 2
            return np.sum(((g_obs - g_pred) / (g_obs * 0.1))**2)

        try:
            res = minimize_scalar(chi2, bounds=(-12, -8), method='bounded')
            gc = 10**res.x

            n_outer = max(3, len(vobs) // 4)
            v_flat = np.median(vobs[-n_outer:])
            v_bar_max_idx = np.argmax(np.abs(vbar))
            h_R_est = max(r[v_bar_max_idx] / 2.2, 0.1)

            v_si = v_flat * 1e3
            h_si = h_R_est * KPC_M
            G_Sigma0 = v_si**2 / h_si

            results.append({
                "name": name, "g_c": float(gc),
                "log_gc": float(np.log10(gc)), "gc_a0": float(gc/a0),
                "V_flat": float(v_flat), "h_R_kpc": float(h_R_est),
                "G_Sigma0": float(G_Sigma0),
                "log_G_Sigma0": float(np.log10(G_Sigma0)),
                "n_points": int(np.sum(valid)),
                "chi2_dof": float(res.fun / max(np.sum(valid)-1, 1)),
                "method": "RC_fit",
            })
        except:
            continue

    return results

# ================================================================
# 4. alpha 検定
# ================================================================
def alpha_test(galaxies, label=""):
    valid = [g for g in galaxies
             if "log_gc" in g and "log_G_Sigma0" in g
             and np.isfinite(g["log_gc"]) and np.isfinite(g["log_G_Sigma0"])
             and -15 &lt; g["log_gc"] &lt; -5]

    N = len(valid)
    if N &lt; 10:
        return None

    log_gc = np.array([g["log_gc"] for g in valid])
    log_GS = np.array([g["log_G_Sigma0"] for g in valid])

    A = np.vstack([np.ones(N), log_GS]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs

    resid = log_gc - A @ coeffs
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)



    se_alpha = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)

    t_crit = t_dist.ppf(0.975, N - 2)
    ci = (alpha_fit - t_crit * se_alpha, alpha_fit + t_crit * se_alpha)

    p05 = 2 * t_dist.sf(abs((alpha_fit - 0.5) / se_alpha), N - 2)
    p0 = 2 * t_dist.sf(abs(alpha_fit / se_alpha), N - 2)

    rho, p_spear = spearmanr(log_GS, log_gc)

    gc_mond = np.full(N, np.log10(a0))
    rss_mond = np.sum((log_gc - gc_mond)**2)
    aic_mond = N * np.log(rss_mond / N)

    gc_geom = 0.5 * (np.log10(a0) + log_GS)
    eta_shift = np.mean(log_gc - gc_geom)
    rss_geom = np.sum((log_gc - gc_geom - eta_shift)**2)
    aic_geom = N * np.log(rss_geom / N) + 2

    # SPARC比較
    diff = abs(alpha_fit - 0.545)
    comb_se = np.sqrt(se_alpha**2 + 0.041**2)
    z_sparc = diff / comb_se

    return {
        "label": label, "N": N,
        "alpha": float(alpha_fit), "se_alpha": float(se_alpha),
        "ci_95": (float(ci[0]), float(ci[1])),
        "p05": float(p05), "p0": float(p0),
        "resid_std": float(resid_std),
        "rho": float(rho), "p_spear": float(p_spear),
        "dAIC_geom": float(aic_geom - aic_mond),
        "intercept": float(intercept), "eta_shift": float(eta_shift),
        "z_sparc": float(z_sparc),
        "sparc_consistent": bool(z_sparc &lt; 2),
        "log_gc": log_gc, "log_GS": log_GS,
    }

# ================================================================
# 5. SPARC重複除去
# ================================================================
def remove_sparc_overlap(galaxies):
    """SPARC 175銀河との重複を除去"""
    # SPARC の主要銀河名リスト（代表的なもの）
    sparc_names = {
        "NGC3198", "NGC2841", "NGC2403", "NGC3031", "NGC2903", "NGC5055",
        "NGC7331", "NGC6946", "NGC3521", "NGC4736", "NGC5585", "NGC4258",
        "NGC1003", "NGC4395", "NGC3109", "NGC300", "NGC55", "NGC247",
        "NGC4559", "NGC6503", "NGC3621", "NGC2976", "NGC4214", "NGC4449",
        "NGC925", "NGC2366", "NGC4163", "NGC1569", "NGC3738",
        "DDO154", "DDO168", "DDO50", "DDO126", "DDO133", "DDO87",
        "DDO47", "DDO52", "DDO46", "DDO43", "DDO70", "DDO53",
        "DDO210", "DDO216", "DDO101",
        "IC2574", "IC1613",
        "UGC2885", "UGC128", "UGC2259",
        "WLM", "CVnIdwA", "LeoA",
    }

    def normalize(name):
        n = str(name).upper().replace(" ", "").replace("_", "").replace("-", "")
        n = n.replace("NGC0", "NGC").replace("DDO0", "DDO").replace("UGC0", "UGC")
        # "NGC 3198" -&gt; "NGC3198"
        for prefix in ["NGC", "DDO", "UGC", "IC"]:
            if n.startswith(prefix):
                rest = n[len(prefix):].lstrip("0")
                n = prefix + rest
        return n

    sparc_norm = {normalize(s) for s in sparc_names}

    non_overlap = []
    overlap = []
    for g in galaxies:
        if normalize(g.get("name", "")) in sparc_norm:
            overlap.append(g["name"])
        else:
            non_overlap.append(g)

    return non_overlap, overlap

# ================================================================
# 6. プロット
# ================================================================
def make_plots(results, label="PROBES"):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        return

    fig, axes = plt.subplots(2, 2, figsize=(14, 12))
    fig.suptitle(f"{label}: N={results['N']}, alpha={results['alpha']:.3f}",
                 fontsize=14, fontweight='bold')

    # (a) log(gc) vs log(G*Sigma_0)
    ax = axes[0, 0]
    ax.scatter(results["log_GS"], results["log_gc"], c='steelblue', s=15, alpha=0.5)
    xr = np.linspace(results["log_GS"].min()-0.3, results["log_GS"].max()+0.3, 100)
    ax.plot(xr, results["intercept"]+results["alpha"]*xr, 'r-', lw=2,
            label=f'alpha={results["alpha"]:.3f}+/-{results["se_alpha"]:.3f}')
    ax.plot(xr, 0.5*np.log10(a0)+0.5*xr+results["eta_shift"], 'g--', lw=1.5, label='alpha=0.5')



    ax.plot(xr, np.full_like(xr, np.log10(a0)), 'k:', label='MOND')
    ax.set_xlabel('log(G*Sigma_0)'); ax.set_ylabel('log(g_c)')
    ax.set_title(f'p(alpha=0.5)={results["p05"]:.4f}')
    ax.legend(fontsize=9); ax.grid(True, alpha=0.3)

    # (b) alpha comparison
    ax = axes[0, 1]
    ds = ['SPARC\n(N=175)', 'LT+SPARC\n(N=178)', f'{label}\n(N={results["N"]})']
    als = [0.545, 0.576, results["alpha"]]
    ses = [0.041*1.96, 0.047*2.09, results["se_alpha"]*t_dist.ppf(0.975,results["N"]-2)]
    for i,(a,e,c) in enumerate(zip(als,ses,['navy','coral','steelblue'])):
        ax.errorbar(a,i,xerr=e,fmt='o',ms=10,capsize=8,color=c,elinewidth=2)
    ax.axvline(0.5,color='green',ls='--',lw=2)
    ax.set_xlabel('alpha'); ax.set_yticks(range(3)); ax.set_yticklabels(ds)
    ax.set_title('alpha 95% CI'); ax.set_xlim(-0.2,1.5); ax.grid(True,alpha=0.3)

    # (c) residuals
    ax = axes[1, 0]
    resid = results["log_gc"]-(results["intercept"]+results["alpha"]*results["log_GS"])
    ax.hist(resid,bins=30,color='steelblue',edgecolor='white',density=True)
    ax.axvline(0,color='red',ls='--')
    ax.set_xlabel('residual [dex]'); ax.set_title(f'sigma={results["resid_std"]:.3f}')
    ax.grid(True,alpha=0.3)

    # (d) coverage
    ax = axes[1, 1]
    ax.hist(results["log_GS"],bins=25,alpha=0.6,color='steelblue',label=label,density=True)
    ax.axvspan(-11.5,-9.0,alpha=0.1,color='navy',label='SPARC')
    ax.axvspan(-11.8,-10.3,alpha=0.1,color='coral',label='LT')
    ax.set_xlabel('log(G*Sigma_0)'); ax.set_title('coverage'); ax.legend(fontsize=9)
    ax.grid(True,alpha=0.3)

    plt.tight_layout()
    figpath = OUTDIR / f"{label.lower().replace(' ','_')}_verification.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"plot: {figpath}")

# ================================================================
# 7. メイン
# ================================================================
def main():
    print("=" * 70)
    print("N-2a: PROBES + alternative RC catalogs")
    print("=" * 70)

    all_galaxies = {}

    # --- PROBES ---
    print("\n--- PROBES (Stone+2021) ---")
    probes_data = fetch_probes_catalog()

    for key, text in probes_data.items():
        parsed = parse_tsv(text)
        if parsed and len(parsed["rows"]) &gt; 10:
            print(f"\n  processing {key}: {len(parsed['rows'])} rows")

            # 回転曲線テーブルかプロパティテーブルか判定
            has_radius = any('r' in h.lower() and 'kpc' in h.lower()
                            for h in parsed["header"])
            has_vobs = any('vobs' in h.lower() or 'vrot' in h.lower()
                          for h in parsed["header"])

            if has_radius and has_vobs:
                # 回転曲線 -&gt; g_c フィット
                rc_results = extract_rc_and_fit_gc(parsed)
                if rc_results:
                    print(f"    RC fit: {len(rc_results)} galaxies")
                    all_galaxies[f"PROBES_RC_{key}"] = rc_results
            else:
                # プロパティテーブル -&gt; g_c 推定
                gals = extract_galaxy_properties(parsed)
                gc_gals = [g for g in gals if "g_c" in g]
                print(f"    properties: {len(gals)} total, {len(gc_gals)} with g_c")
                if gc_gals:
                    all_galaxies[f"PROBES_prop_{key}"] = gc_gals

    # --- GitHub ---
    if not all_galaxies:
        print("\n--- PROBES GitHub ---")
        gh = fetch_probes_github()
        if gh:
            parsed = parse_tsv(gh)
            if parsed:
                gals = extract_galaxy_properties(parsed)
                gc_gals = [g for g in gals if "g_c" in g]
                if gc_gals:
                    all_galaxies["PROBES_github"] = gc_gals

    # --- 代替カタログ ---
    print("\n--- alternative catalogs ---")
    alt_data = fetch_alternative_rc_catalogs()

    for cat, info in alt_data.items():
        parsed = parse_tsv(info["text"])
        if parsed and len(parsed["rows"]) &gt; 10:
            desc = info["desc"]
            print(f"\n  processing {desc}: {len(parsed['rows'])} rows")

            # 回転曲線チェック
            has_r = any(h.lower() in ['r','rad','rkpc'] or 'radius' in h.lower()
                       for h in parsed["header"])
            has_v = any('vobs' in h.lower() or 'vrot' in h.lower() or 'vc' in h.lower()
                       for h in parsed["header"])
            if has_r and has_v:



                rc = extract_rc_and_fit_gc(parsed)
                if rc:
                    all_galaxies[desc] = rc
            else:
                gals = extract_galaxy_properties(parsed)
                gc_gals = [g for g in gals if "g_c" in g]
                if gc_gals:
                    all_galaxies[desc] = gc_gals

    # --- 結果統合 ---
    print(f"\n{'='*70}")
    print("results summary")
    print(f"{'='*70}")

    for key, gals in all_galaxies.items():
        # SPARC重複除去
        non_overlap, overlap = remove_sparc_overlap(gals)
        n_overlap = len(overlap)

        print(f"\n--- {key} ---")
        print(f"  total: {len(gals)}, SPARC overlap: {n_overlap}, "
              f"unique: {len(non_overlap)}")

        if len(non_overlap) &lt; 10:
            print(f"  skipping (N &lt; 10)")
            continue

        results = alpha_test(non_overlap, key)
        if results is None:
            print(f"  alpha test failed")
            continue

        print(f"  alpha = {results['alpha']:.3f} +/- {results['se_alpha']:.3f}")
        print(f"  95% CI: [{results['ci_95'][0]:.3f}, {results['ci_95'][1]:.3f}]")
        print(f"  p(alpha=0.5) = {results['p05']:.4f}  "
              f"{'not rejected' if results['p05'] &gt; 0.05 else 'REJECTED'}")
        print(f"  p(MOND) = {results['p0']:.2e}")
        print(f"  sigma = {results['resid_std']:.3f} dex")
        print(f"  rho = {results['rho']:.3f}")
        print(f"  dAIC = {results['dAIC_geom']:.1f}")
        print(f"  SPARC z = {results['z_sparc']:.2f} "
              f"({'consistent' if results['sparc_consistent'] else 'inconsistent'})")

        make_plots(results, key)

        # 結果保存
        summary = {k: v for k, v in results.items() if not isinstance(v, np.ndarray)}
        summary["n_sparc_overlap"] = n_overlap
        outpath = OUTDIR / f"{key.replace(' ','_').replace('/','_')}_results.json"
        with open(outpath, "w") as f:
            json.dump(summary, f, indent=2)

    # 全カタログの比較テーブル
    if all_galaxies:
        print(f"\n{'='*70}")
        print("cross-catalog comparison")
        print(f"{'='*70}")
        print(f"\n  {'catalog':&lt;30} {'N':&gt;5} {'alpha':&gt;8} {'se':&gt;6} {'p(0.5)':&gt;10} {'z_SPARC':&gt;8}")
        print(f"  {'-'*70}")
        print(f"  {'SPARC':&lt;30} {'175':&gt;5} {'0.545':&gt;8} {'0.041':&gt;6} {'0.273':&gt;10} {'--':&gt;8}")
        print(f"  {'LT+SPARC':&lt;30} {'178':&gt;5} {'0.576':&gt;8} {'0.047':&gt;6} {'0.109':&gt;10} {'--':&gt;8}")

        for key, gals in all_galaxies.items():
            non_ov, _ = remove_sparc_overlap(gals)
            if len(non_ov) &lt; 10:
                continue
            r = alpha_test(non_ov, key)
            if r:
                print(f"  {key:&lt;30} {r['N']:&gt;5} {r['alpha']:&gt;8.3f} "
                      f"{r['se_alpha']:&gt;6.3f} {r['p05']:&gt;10.4f} {r['z_sparc']:&gt;8.2f}")

    if not all_galaxies:
        print("\n  有効なカタログが取得できませんでした。")
        print("  VizieR のネットワーク制限を確認してください。")
        print("  代替: PROBES のデータを手動ダウンロード")
        print("    https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/PROBES/")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#13. probes_rc_fit.py

項目 内容

目的 PROBES回転曲線全体フィット（SPARCと同一手法）。V_bar必須、SPARC重複除去

依存 scipy,matplotlib,numpy,pandas

入力 rotation_curves/

出力 probes_rc_fit_results.json

実行 uv run --with scipy,matplotlib,numpy,pandas python probes_rc_fit.py

ソースコード（637行）
# -*- coding: utf-8 -*-
"""
PROBES 回転曲線全体フィットによる幾何平均法則検証
=================================================
Claude Code で実行:
  uv run --with scipy --with matplotlib --with numpy --with pandas python probes_rc_fit.py

前提:
  - PROBES rotation_curves/ ディレクトリがダウンロード済み
    CADC: https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/PROBES/
  - structural_parameters.csv（物性パラメータ、あれば使用）

手法: SPARCと完全に同じ
  - 各銀河の V(R) 全体から g_c をフィット
  - g_obs = (g_N + sqrt(g_N^2 + 4*g_c*g_N)) / 2
  - G*Sigma_0 = V_flat^2 / h_R
"""

import numpy as np
import json
import os
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist
from collections import defaultdict

OUTDIR = Path("probes_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10
G_SI = 6.674e-11
M_SUN = 1.989e30
KPC_M = 3.0857e19

# ================================================================
# 1. PROBES ディレクトリ探索
# ================================================================
def find_probes_data():
    """PROBES のデータディレクトリを探す"""
    search = [
        Path("rotation_curves"),
        Path("PROBES/rotation_curves"),
        Path("probes/rotation_curves"),
        Path("PROBES_data/rotation_curves"),
        Path("probes_data/rotation_curves"),
        # CADC download structure
        Path("PROBES"),
        Path("probes"),
    ]

    for d in search:
        if d.exists() and d.is_dir():
            return d

    # カレントディレクトリ直下のCSVファイルを探す
    for f in Path(".").glob("*rotation*"):
        if f.is_dir():
            return f

    return None

def find_structural_params():
    """structural_parameters.csv を探す"""
    for p in [
        Path("structural_parameters.csv"),
        Path("PROBES/structural_parameters.csv"),
        Path("probes_data/structural_parameters.csv"),
        Path("probes_results/probes_structural.csv"),
    ]:
        if p.exists():
            return p
    return None

# ================================================================
# 2. 回転曲線ファイルのパース
# ================================================================
def parse_rc_file(filepath):
    """
    個別銀河の回転曲線ファイルを読み込む。
    想定フォーマット:
      (A) R[kpc]  Vobs[km/s]  eVobs  Vgas  Vdisk  Vbul  (SPARC様式)
      (B) R[kpc]  Vobs[km/s]  eVobs  Vbar[km/s]
      (C) R[arcsec/kpc]  Vobs  eVobs  (最小構成)
      (D) CSV形式
    """
    try:



        text = filepath.read_text(encoding='utf-8', errors='replace')
    except:
        return None

    lines = []
    sep = None

    for line in text.strip().split('\n'):
        line = line.strip()
        if not line or line.startswith('#') or line.startswith('!'):
            continue

        # 区切り文字の自動検出
        if sep is None:
            if ',' in line:
                sep = ','
            elif '\t' in line:
                sep = '\t'
            else:
                sep = None  # スペース区切り

        if sep:
            parts = [p.strip() for p in line.split(sep)]
        else:
            parts = line.split()

        # ヘッダ行スキップ（数値でない行）
        try:
            float(parts[0])
            lines.append([float(p) for p in parts if p])
        except (ValueError, IndexError):
            continue

    if len(lines) &lt; 3:
        return None

    data = np.array(lines)
    ncol = data.shape[1]

    result = {"r": data[:, 0], "ncol": ncol, "n_points": len(lines)}

    if ncol &gt;= 2:
        result["v_obs"] = data[:, 1]
    if ncol &gt;= 3:
        result["e_vobs"] = data[:, 2]
    else:
        result["e_vobs"] = np.maximum(np.abs(data[:, 1]) * 0.1, 2.0)

    # V_bar の構成
    if ncol &gt;= 6:
        # SPARC様式: R, Vobs, eV, Vgas, Vdisk, Vbul
        v_gas = data[:, 3]
        v_disk = data[:, 4]
        v_bul = data[:, 5] if ncol &gt; 5 else np.zeros(len(data))
        result["v_bar"] = np.sqrt(np.abs(v_gas)**2 + np.abs(v_disk)**2 + np.abs(v_bul)**2)
        result["v_gas"] = v_gas
        result["v_disk"] = v_disk
    elif ncol &gt;= 4:
        # R, Vobs, eV, Vbar
        result["v_bar"] = np.abs(data[:, 3])
    elif ncol == 3:
        # V_bar なし -&gt; Vobs のみ（g_c推定は制限される）
        result["v_bar"] = None

    return result

def parse_combined_rc_file(filepath):
    """
    複数銀河が1ファイルにまとめられている場合のパーサー。
    銀河名カラムでグループ化。
    """
    import pandas as pd

    try:
        if filepath.suffix == '.csv':
            df = pd.read_csv(filepath)
        else:
            df = pd.read_csv(filepath, sep=r'\s+')
    except:
        return None

    if len(df) &lt; 10:
        return None

    print(f"    columns: {list(df.columns[:15])}")

    # カラムマッピング
    col_map = {}
    for c in df.columns:
        cl = c.lower().replace(' ', '').replace('_', '')
        if 'name' in cl or 'galaxy' in cl or 'source' in cl:
            col_map.setdefault('name', c)
        elif cl in ['r', 'rad', 'rkpc', 'radius'] or 'rkpc' in cl:
            col_map.setdefault('r', c)
        elif 'vobs' in cl or 'vrot' in cl or 'vc' in cl:
            col_map.setdefault('v_obs', c)
        elif 'evobs' in cl or 'err' in cl or 'dvrot' in cl:
            col_map.setdefault('e_vobs', c)
        elif 'vbar' in cl or 'vbary' in cl:
            col_map.setdefault('v_bar', c)
        elif 'vgas' in cl:
            col_map.setdefault('v_gas', c)
        elif 'vdisk' in cl or 'vstar' in cl:
            col_map.setdefault('v_disk', c)



    print(f"    mapping: {col_map}")

    if 'name' not in col_map or 'r' not in col_map or 'v_obs' not in col_map:
        return None

    # 銀河ごとにグループ化
    galaxies = {}
    for name, group in df.groupby(col_map['name']):
        r = group[col_map['r']].values
        v_obs = group[col_map['v_obs']].values

        e_v = group[col_map['e_vobs']].values if 'e_vobs' in col_map else np.maximum(v_obs*0.1, 2.0)

        v_bar = None
        if 'v_bar' in col_map:
            v_bar = group[col_map['v_bar']].values
        elif 'v_gas' in col_map and 'v_disk' in col_map:
            vg = group[col_map['v_gas']].values
            vd = group[col_map['v_disk']].values
            v_bar = np.sqrt(np.abs(vg)**2 + np.abs(vd)**2)

        if len(r) &gt;= 3:
            galaxies[str(name)] = {
                "r": r, "v_obs": v_obs, "e_vobs": e_v,
                "v_bar": v_bar, "n_points": len(r),
            }

    return galaxies

# ================================================================
# 3. g_c フィット（SPARCと同一手法）
# ================================================================
def fit_gc(r_kpc, v_obs, e_vobs, v_bar):
    """
    回転曲線全体から g_c をフィット。
    SPARCのlittle_things_step2.pyと同一ロジック。
    """
    r_m = r_kpc * KPC_M
    v_obs_m = v_obs * 1e3
    e_v_m = np.maximum(e_vobs, 1.0) * 1e3  # 下限1 km/s
    v_bar_m = v_bar * 1e3

    g_N = np.zeros_like(r_m)
    g_obs = np.zeros_like(r_m)
    valid = r_m &gt; 0

    g_N[valid] = v_bar_m[valid]**2 / r_m[valid]
    g_obs[valid] = v_obs_m[valid]**2 / r_m[valid]

    mask = valid &amp; (g_N &gt; 0) &amp; (g_obs &gt; 0)
    if np.sum(mask) &lt; 3:
        return None

    g_N_v = g_N[mask]
    g_obs_v = g_obs[mask]
    e_g = 2 * v_obs_m[mask] * e_v_m[mask] / r_m[mask]
    e_g = np.maximum(e_g, 1e-12)

    def chi2(log_gc):
        gc = 10**log_gc
        g_pred = (g_N_v + np.sqrt(g_N_v**2 + 4*gc*g_N_v)) / 2
        return np.sum(((g_obs_v - g_pred) / e_g)**2)

    try:
        res = minimize_scalar(chi2, bounds=(-12, -8), method='bounded')
        gc = 10**res.x
        dof = np.sum(mask) - 1

        # V_flat
        n_outer = max(3, len(v_obs) // 4)
        v_flat = np.median(v_obs[-n_outer:])

        # h_R (v_bar ピーク / 2.2)
        vb_max_idx = np.argmax(np.abs(v_bar))
        h_R = max(r_kpc[vb_max_idx] / 2.2, 0.05)

        return {
            "g_c": float(gc),
            "log_gc": float(np.log10(gc)),
            "gc_a0": float(gc / a0),
            "chi2_dof": float(res.fun / max(dof, 1)),
            "n_points": int(np.sum(mask)),
            "V_flat": float(v_flat),
            "h_R_kpc": float(h_R),
        }
    except:
        return None

# ================================================================
# 4. SPARC 重複除去
# ================================================================
SPARC_NAMES = {
    "NGC3198","NGC2841","NGC2403","NGC3031","NGC2903","NGC5055",
    "NGC7331","NGC6946","NGC3521","NGC4736","NGC5585","NGC4258",
    "NGC1003","NGC4395","NGC3109","NGC300","NGC55","NGC247",
    "NGC4559","NGC6503","NGC3621","NGC2976","NGC4214","NGC4449",
    "NGC925","NGC2366","NGC4163","NGC1569","NGC3738",
    "DDO154","DDO168","DDO50","DDO126","DDO133","DDO87",
    "DDO47","DDO52","DDO46","DDO43","DDO70","DDO53",
    "DDO210","DDO216","DDO101",
    "IC2574","IC1613",
    "UGC2885","UGC128","UGC2259",
    "WLM","CVNIDWA","LEOA",



}

def normalize_name(name):
    n = str(name).upper().replace(" ","").replace("_","").replace("-","")
    for prefix in ["NGC","DDO","UGC","IC"]:
        if n.startswith(prefix):
            n = prefix + n[len(prefix):].lstrip("0")
    return n

def is_sparc(name):
    return normalize_name(name) in {normalize_name(s) for s in SPARC_NAMES}

# ================================================================
# 5. alpha 検定
# ================================================================
def alpha_test(galaxies, label=""):
    valid = [g for g in galaxies
             if "log_gc" in g and "log_G_Sigma0" in g
             and np.isfinite(g["log_gc"]) and np.isfinite(g["log_G_Sigma0"])
             and g.get("chi2_dof", 0) &lt; 10]

    N = len(valid)
    if N &lt; 10:
        return None

    log_gc = np.array([g["log_gc"] for g in valid])
    log_GS = np.array([g["log_G_Sigma0"] for g in valid])

    A = np.vstack([np.ones(N), log_GS]).T
    coeffs, _, _, _ = np.linalg.lstsq(A, log_gc, rcond=None)
    intercept, alpha_fit = coeffs

    resid = log_gc - A @ coeffs
    s2 = np.sum(resid**2) / (N - 2)
    cov = s2 * np.linalg.inv(A.T @ A)
    se = np.sqrt(cov[1, 1])
    resid_std = np.std(resid)

    t_c = t_dist.ppf(0.975, N - 2)
    ci = (alpha_fit - t_c*se, alpha_fit + t_c*se)

    p05 = 2 * t_dist.sf(abs((alpha_fit-0.5)/se), N-2)
    p0 = 2 * t_dist.sf(abs(alpha_fit/se), N-2)
    rho, p_sp = spearmanr(log_GS, log_gc)

    gc_mond = np.full(N, np.log10(a0))
    rss_m = np.sum((log_gc - gc_mond)**2)
    aic_m = N * np.log(rss_m/N)

    gc_gm = 0.5*(np.log10(a0)+log_GS)
    eta = np.mean(log_gc - gc_gm)
    rss_g = np.sum((log_gc - gc_gm - eta)**2)
    aic_g = N * np.log(rss_g/N) + 2

    z_sp = abs(alpha_fit - 0.545) / np.sqrt(se**2 + 0.041**2)

    return {
        "label": label, "N": N,
        "alpha": float(alpha_fit), "se": float(se),
        "ci_95": (float(ci[0]), float(ci[1])),
        "p05": float(p05), "p0": float(p0),
        "resid_std": float(resid_std),
        "rho": float(rho), "p_spear": float(p_sp),
        "dAIC": float(aic_g - aic_m),
        "intercept": float(intercept), "eta": float(eta),
        "z_sparc": float(z_sp),
        "log_gc": log_gc, "log_GS": log_GS,
    }

# ================================================================
# 6. プロット
# ================================================================
def make_plots(results, sparc_results=None, label="PROBES_RC"):
    try:
        import matplotlib
        matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except ImportError:
        return

    fig, axes = plt.subplots(2, 2, figsize=(14, 12))
    fig.suptitle(f"{label}: full RC fit (N={results['N']})", fontsize=14, fontweight='bold')

    ax = axes[0, 0]
    ax.scatter(results["log_GS"], results["log_gc"], c='steelblue', s=12, alpha=0.4)
    xr = np.linspace(results["log_GS"].min()-0.3, results["log_GS"].max()+0.3, 100)
    ax.plot(xr, results["intercept"]+results["alpha"]*xr, 'r-', lw=2,
            label=f'alpha={results["alpha"]:.3f}+/-{results["se"]:.3f}')
    ax.plot(xr, 0.5*np.log10(a0)+0.5*xr+results["eta"], 'g--', lw=1.5, label='alpha=0.5')
    ax.plot(xr, np.full_like(xr, np.log10(a0)), 'k:', label='MOND')
    if sparc_results:
        ax.scatter(sparc_results["log_GS"], sparc_results["log_gc"],
                  c='navy', s=10, alpha=0.3, marker='x', label='SPARC')
    ax.set_xlabel('log(G*Sigma_0)'); ax.set_ylabel('log(g_c)')
    ax.set_title(f'p(alpha=0.5)={results["p05"]:.4f}')
    ax.legend(fontsize=8); ax.grid(True, alpha=0.3)

    ax = axes[0, 1]
    ds = ['SPARC (N=175)', 'LT+SPARC (N=178)', f'{label} (N={results["N"]})']
    als = [0.545, 0.576, results["alpha"]]
    ses = [0.041*1.96, 0.047*2.09, results["se"]*t_dist.ppf(0.975,results["N"]-2)]
    for i,(a,e,c) in enumerate(zip(als,ses,['navy','coral','steelblue'])):
        ax.errorbar(a,i,xerr=e,fmt='o',ms=10,capsize=8,color=c,elinewidth=2)



    ax.axvline(0.5,color='green',ls='--',lw=2)
    ax.set_xlabel('alpha'); ax.set_yticks(range(3)); ax.set_yticklabels(ds)
    ax.set_xlim(-0.2,1.3); ax.grid(True,alpha=0.3)
    ax.set_title(f'SPARC consistency: z={results["z_sparc"]:.2f}')

    ax = axes[1, 0]
    resid = results["log_gc"]-(results["intercept"]+results["alpha"]*results["log_GS"])
    ax.hist(resid,bins=30,color='steelblue',edgecolor='white',density=True)
    ax.axvline(0,color='red',ls='--')
    ax.set_xlabel('residual [dex]')
    ax.set_title(f'sigma={results["resid_std"]:.3f} dex')
    ax.grid(True,alpha=0.3)

    ax = axes[1, 1]
    ax.hist(results["log_GS"],bins=25,alpha=0.6,color='steelblue',label=label,density=True)
    ax.axvspan(-11.5,-9.0,alpha=0.1,color='navy',label='SPARC range')
    ax.set_xlabel('log(G*Sigma_0)'); ax.set_title('coverage')
    ax.legend(fontsize=9); ax.grid(True,alpha=0.3)

    plt.tight_layout()
    figpath = OUTDIR / f"{label.lower()}_rc_fit.png"
    plt.savefig(figpath, dpi=150, bbox_inches='tight')
    print(f"plot: {figpath}")

# ================================================================
# 7. メイン
# ================================================================
def main():
    print("=" * 70)
    print("PROBES: full rotation curve fit (SPARC-identical method)")
    print("=" * 70)

    # データディレクトリ探索
    print("\n--- data search ---")
    rc_dir = find_probes_data()

    if rc_dir is None:
        print("\n  PROBES rotation_curves/ が見つかりません。")
        print("  以下のいずれかを配置してください:")
        print("    (a) rotation_curves/ ディレクトリ（銀河ごとのファイル）")
        print("    (b) 結合CSV/TSVファイル（R, Vobs, Vbar, 銀河名列付き）")
        print("\n  ダウンロード元:")
        print("    https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/PROBES/")
        print("\n  カレントディレクトリの内容:")
        for f in sorted(Path(".").iterdir()):
            print(f"    {'[DIR]' if f.is_dir() else '     '} {f.name}")
        return

    print(f"  found: {rc_dir}")

    # ファイル構造の確認
    all_files = list(rc_dir.rglob("*"))
    data_files = [f for f in all_files if f.is_file() and f.suffix in
                  ['.csv', '.dat', '.txt', '.tsv', '']]
    subdirs = [f for f in all_files if f.is_dir()]

    print(f"  files: {len(data_files)}, subdirs: {len(subdirs)}")
    if data_files:
        print(f"  first 5: {[f.name for f in data_files[:5]]}")
        # サンプル内容表示
        sample = data_files[0]
        print(f"\n  sample ({sample.name}):")
        text = sample.read_text(encoding='utf-8', errors='replace')
        for line in text.strip().split('\n')[:5]:
            print(f"    {line}")

    # パース方式の判定
    galaxies_rc = {}

    if len(data_files) &gt; 50:
        # 個別ファイル方式（銀河ごと）
        print(f"\n--- parsing {len(data_files)} individual RC files ---")
        for i, fp in enumerate(data_files):
            name = fp.stem
            rc = parse_rc_file(fp)
            if rc and rc.get("v_bar") is not None:
                galaxies_rc[name] = rc
            if (i+1) % 200 == 0:
                print(f"  {i+1}/{len(data_files)} parsed, {len(galaxies_rc)} valid")

    elif len(data_files) &gt;= 1:
        # 結合ファイル方式
        for fp in data_files:
            if fp.stat().st_size &gt; 10000:
                print(f"\n--- parsing combined file: {fp.name} ---")
                combined = parse_combined_rc_file(fp)
                if combined:
                    galaxies_rc.update(combined)
                    print(f"  extracted: {len(combined)} galaxies")

    print(f"\n  total galaxies with V_bar: {len(galaxies_rc)}")

    if len(galaxies_rc) &lt; 10:
        print("\n  有効な回転曲線が不足しています。")
        print("  V_bar（バリオン速度）列を含むファイルが必要です。")
        print("  PROBESのデータ構造を確認してください。")
        return

    # g_c フィット
    print(f"\n--- fitting g_c (full RC, SPARC method) ---")
    results_all = []
    results_non_sparc = []
    n_fail = 0
    for name, rc in galaxies_rc.items():



        fit = fit_gc(rc["r"], rc["v_obs"], rc["e_vobs"], rc["v_bar"])
        if fit is None:
            n_fail += 1
            continue

        # G*Sigma_0
        v_si = fit["V_flat"] * 1e3
        h_si = fit["h_R_kpc"] * KPC_M
        G_S = v_si**2 / h_si
        entry = {
            "name": name,
            **fit,
            "G_Sigma0": float(G_S),
            "log_G_Sigma0": float(np.log10(G_S)),
        }
        results_all.append(entry)

        if not is_sparc(name):
            results_non_sparc.append(entry)

    n_sparc_overlap = len(results_all) - len(results_non_sparc)
    print(f"  fit success: {len(results_all)}, fail: {n_fail}")
    print(f"  SPARC overlap: {n_sparc_overlap}")
    print(f"  SPARC-independent: {len(results_non_sparc)}")

    # chi2/dof 分布
    chi2s = [g["chi2_dof"] for g in results_all]
    print(f"  chi2/dof: median={np.median(chi2s):.2f}, "
          f"&lt;2: {sum(1 for c in chi2s if c&lt;2)}/{len(chi2s)}")

    # gc/a0 分布
    gc_a0s = [g["gc_a0"] for g in results_all]
    print(f"  gc/a0: median={np.median(gc_a0s):.2f}, "
          f"range=[{np.percentile(gc_a0s,5):.2f}, {np.percentile(gc_a0s,95):.2f}]")

    # alpha 検定
    print(f"\n{'='*70}")
    print("alpha test")
    print(f"{'='*70}")

    # 全銀河（SPARC含む）
    print("\n--- all galaxies (including SPARC overlap) ---")
    r_all = alpha_test(results_all, "PROBES_all")
    if r_all:
        print(f"  N={r_all['N']}, alpha={r_all['alpha']:.3f}+/-{r_all['se']:.3f}")
        print(f"  p(0.5)={r_all['p05']:.4f}, z_SPARC={r_all['z_sparc']:.2f}")

    # SPARC外のみ
    print("\n--- SPARC-independent only ---")
    r_ind = alpha_test(results_non_sparc, "PROBES_independent")
    if r_ind:
        print(f"  N={r_ind['N']}, alpha={r_ind['alpha']:.3f}+/-{r_ind['se']:.3f}")
        print(f"  95% CI: [{r_ind['ci_95'][0]:.3f}, {r_ind['ci_95'][1]:.3f}]")
        print(f"  p(alpha=0.5) = {r_ind['p05']:.4f}  "
              f"{'NOT REJECTED' if r_ind['p05'] &gt; 0.05 else 'REJECTED'}")
        print(f"  p(MOND) = {r_ind['p0']:.2e}")
        print(f"  sigma = {r_ind['resid_std']:.3f} dex")
        print(f"  rho = {r_ind['rho']:.3f} (p={r_ind['p_spear']:.2e})")
        print(f"  dAIC(geom vs MOND) = {r_ind['dAIC']:.1f}")
        print(f"  SPARC z = {r_ind['z_sparc']:.2f} "
              f"({'CONSISTENT' if r_ind['z_sparc'] &lt; 2 else 'INCONSISTENT'})")

    # SPARC+PROBES 合同
    if r_all and r_ind:
        print(f"\n--- comparison ---")
        print(f"\n  {'dataset':&lt;25} {'N':&gt;5} {'alpha':&gt;8} {'se':&gt;6} "
              f"{'p(0.5)':&gt;10} {'sigma':&gt;6} {'z_SPARC':&gt;8}")
        print(f"  {'-'*70}")
        print(f"  {'SPARC':&lt;25} {'175':&gt;5} {'0.545':&gt;8} {'0.041':&gt;6} "
              f"{'0.273':&gt;10} {'0.312':&gt;6} {'--':&gt;8}")
        print(f"  {'LT+SPARC':&lt;25} {'178':&gt;5} {'0.576':&gt;8} {'0.047':&gt;6} "
              f"{'0.109':&gt;10} {'0.373':&gt;6} {'--':&gt;8}")
        print(f"  {'PROBES all':&lt;25} {r_all['N']:&gt;5} {r_all['alpha']:&gt;8.3f} "
              f"{r_all['se']:&gt;6.3f} {r_all['p05']:&gt;10.4f} "
              f"{r_all['resid_std']:&gt;6.3f} {r_all['z_sparc']:&gt;8.2f}")
        print(f"  {'PROBES independent':&lt;25} {r_ind['N']:&gt;5} {r_ind['alpha']:&gt;8.3f} "
              f"{r_ind['se']:&gt;6.3f} {r_ind['p05']:&gt;10.4f} "
              f"{r_ind['resid_std']:&gt;6.3f} {r_ind['z_sparc']:&gt;8.2f}")

    # プロット
    if r_ind:
        make_plots(r_ind, r_all, "PROBES_independent")
    elif r_all:
        make_plots(r_all, label="PROBES_all")

    # 結果保存
    summary = {
        "method": "full_RC_fit (SPARC-identical)",
        "n_total_rc": len(galaxies_rc),
        "n_fit_success": len(results_all),
        "n_sparc_overlap": n_sparc_overlap,
        "n_independent": len(results_non_sparc),
        "gc_a0_median": float(np.median(gc_a0s)),
        "all": {k:v for k,v in r_all.items() if not isinstance(v,np.ndarray)} if r_all else None,
        "independent": {k:v for k,v in r_ind.items() if not isinstance(v,np.ndarray)} if r_ind else None,
    }
    outpath = OUTDIR / "probes_rc_fit_results.json"
    with open(outpath, "w") as f:
        json.dump(summary, f, indent=2)
    print(f"\nresults: {outpath}")

    # 判定
    print(f"\n{'='*70}")
    print("verdict")
    print(f"{'='*70}")



    if r_ind:
        if r_ind["p05"] &gt; 0.05 and r_ind["z_sparc"] &lt; 2:
            print(f"  alpha=0.5 NOT REJECTED + SPARC CONSISTENT")
            print(f"  -&gt; Level A upgrade: STRONG CANDIDATE")
        elif r_ind["p05"] &gt; 0.05:
            print(f"  alpha=0.5 not rejected but SPARC inconsistent")
            print(f"  -&gt; further investigation needed")
        else:
            print(f"  alpha=0.5 REJECTED (p={r_ind['p05']:.4f})")
            if r_ind["z_sparc"] &lt; 2:
                print(f"  but SPARC-consistent (z={r_ind['z_sparc']:.2f})")
            print(f"  -&gt; geometric mean law may need modification for this mass range")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



#14. sofue2016_verify.py

項目 内容

目的 Sofue 2016/Persic+1995。VizieR/CDSリトライ付き取得。RCあれば全フィット、なければパラメータ解析

依存 requests,scipy,matplotlib,numpy

入力 VizieR J/PASJ/68/2等

出力 sofue_results/

実行 uv run --with requests,scipy,matplotlib,numpy python sofue2016_verify.py

ソースコード（649行）
# -*- coding: utf-8 -*-
"""
Sofue 2016 (PASJ 68, 2) 回転曲線コンパイル -&gt; alpha 検定
=========================================================
Claude Code で実行:
  uv run --with requests --with scipy --with matplotlib --with numpy python sofue2016_verify.py

Sofue 2016: ~400銀河の回転曲線コンパイル
VizieR: J/PASJ/68/2
バリオン分解（bulge + disk + gas）を含む銀河が多数
"""

import numpy as np
import json
import time
from pathlib import Path
from scipy.optimize import minimize_scalar
from scipy.stats import spearmanr, t as t_dist

OUTDIR = Path("sofue_results")
OUTDIR.mkdir(exist_ok=True)

a0 = 1.2e-10
KPC_M = 3.0857e19

# ================================================================
# 1. VizieR取得（タイムアウト対策: リトライ + 分割取得）
# ================================================================
def fetch_with_retry(url, max_retries=3, timeout=120):
    """リトライ付きHTTP GET"""
    import requests
    for attempt in range(max_retries):
        try:
            print(f"    attempt {attempt+1}/{max_retries} ...", end=" ", flush=True)
            r = requests.get(url, timeout=timeout)
            if r.status_code == 200 and len(r.text) &gt; 200:
                print(f"OK ({len(r.text)} bytes)")
                return r.text
            print(f"HTTP {r.status_code}, {len(r.text)} bytes")
        except Exception as e:
            print(f"{e}")
        if attempt &lt; max_retries - 1:
            wait = 5 * (attempt + 1)
            print(f"    waiting {wait}s ...")
            time.sleep(wait)
    return None

def fetch_sofue2016():
    """Sofue 2016 の全テーブルを取得"""
    catalog = "J/PASJ/68/2"
    results = {}

    # メインテーブル（銀河パラメータ）
    tables = [
        ("", "main"),
        ("/table1", "galaxy_params"),
        ("/table2", "rotation_curves"),
        ("/table3", "mass_models"),
        ("/tablea1", "appendix_a1"),
        ("/rctab", "rc_table"),
        ("/galaxies", "galaxies"),
    ]

    for suffix, label in tables:
        url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
               f"?-source={catalog}{suffix}"
               f"&amp;-out.max=50000&amp;-out.all")
        print(f"  [{label}] {catalog}{suffix}")
        text = fetch_with_retry(url)
        if text:
            outpath = OUTDIR / f"sofue2016_{label}.tsv"
            outpath.write_text(text)
            results[label] = text

    # 代替: Sofue 2017 (PASJ 69, R1) — 更新版
    if not results:
        print("\n  Sofue 2016 失敗。Sofue 2017 (PASJ 69, R1) を試行...")
        for suffix, label in [("", "main"), ("/table1", "params"), ("/table2", "rc")]:
            url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
                   f"?-source=J/PASJ/69/R1{suffix}"
                   f"&amp;-out.max=50000&amp;-out.all")
            print(f"  [Sofue2017 {label}]")
            text = fetch_with_retry(url)
            if text:
                outpath = OUTDIR / f"sofue2017_{label}.tsv"
                outpath.write_text(text)
                results[f"s2017_{label}"] = text



    # 代替: Sofue 2020 (Galaxies, 8, 37)
    if not results:
        print("\n  Sofue 2020 を試行...")
        url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
               f"?-source=J/other/Galaxies/8.37"
               f"&amp;-out.max=50000&amp;-out.all")
        print(f"  [Sofue2020]")
        text = fetch_with_retry(url)
        if text:
            results["s2020"] = text
            (OUTDIR / "sofue2020.tsv").write_text(text)

    return results

def fetch_sofue_cds_direct():
    """CDS FTPから直接取得（VizieRが不調な場合）"""
    import requests

    urls = [
        "https://cdsarc.cds.unistra.fr/ftp/J/PASJ/68/2/table1.dat",
        "https://cdsarc.cds.unistra.fr/ftp/J/PASJ/68/2/table2.dat",
        "https://cdsarc.cds.unistra.fr/ftp/J/PASJ/68/2/ReadMe",
    ]

    results = {}
    for url in urls:
        fname = url.split('/')[-1]
        print(f"  CDS direct: {fname} ...", end=" ")
        try:
            r = requests.get(url, timeout=60)
            if r.status_code == 200 and len(r.text) &gt; 100:
                outpath = OUTDIR / f"sofue2016_cds_{fname}"
                outpath.write_text(r.text)
                results[fname] = r.text
                print(f"OK ({len(r.text)} bytes)")
            else:
                print(f"HTTP {r.status_code}")
        except Exception as e:
            print(f"{e}")
    return results

# ================================================================
# 2. パーサー
# ================================================================
def parse_tsv(text):
    lines = text.strip().split('\n')
    header = None
    data_start = 0

    for i, line in enumerate(lines):
        if line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &lt; 3:
            parts = line.split()
        if len(parts) &gt;= 3:
            non_num = sum(1 for p in parts[:4]
                         if p and not p.replace('.','').replace('-','').replace('+','').replace('e','').isdigit())
            if non_num &gt;= 2:
                header = parts
                data_start = i + 1
                while data_start &lt; len(lines) and lines[data_start].startswith('-'):
                    data_start += 1
                break

    if header is None:
        return None

    rows = []
    for line in lines[data_start:]:
        if not line.strip() or line.startswith('#') or line.startswith('-'):
            continue
        parts = [p.strip() for p in line.split('\t')]
        if len(parts) &lt; len(header):
            parts = line.split()
        if len(parts) &gt;= len(header):
            row = {}
            for j, h in enumerate(header):
                try:
                    row[h] = float(parts[j])
                except ValueError:
                    row[h] = parts[j]
            rows.append(row)

    return {"header": header, "rows": rows}

def parse_fixed_width(text, readme_text=None):
    """固定幅フォーマットのパース（CDS dat ファイル用）"""
    lines = text.strip().split('\n')
    data_lines = [l for l in lines if l.strip() and not l.startswith('#')]

    if not data_lines:
        return None

    # サンプル行から構造を推定
    sample = data_lines[0]
    print(f"    sample: '{sample[:80]}'")
    print(f"    total lines: {len(data_lines)}")

    # 簡易パース: スペース区切りとして扱う
    rows = []
    for line in data_lines:



        parts = line.split()
        if len(parts) &gt;= 3:
            try:
                float(parts[-1])
                rows.append(parts)
            except ValueError:
                pass

    if not rows:
        return None

    # ヘッダを推定（最初の行が文字列なら）
    ncol = len(rows[0])
    header = [f"col{i}" for i in range(ncol)]

    parsed_rows = []
    for parts in rows:
        row = {}
        for j, h in enumerate(header):
            try:
                row[h] = float(parts[j])
            except (ValueError, IndexError):
                row[h] = parts[j] if j &lt; len(parts) else ""
        parsed_rows.append(row)

    return {"header": header, "rows": parsed_rows}

# ================================================================
# 3. 回転曲線からの g_c フィット
# ================================================================
def extract_and_fit(data):
    """データからRC銀河を抽出しg_cをフィット"""
    header = data["header"]
    rows = data["rows"]

    print(f"  columns ({len(header)}): {header[:15]}")

    # カラムマッピング
    col = {}
    for h in header:
        hl = h.lower().replace(' ','').replace('_','')
        if 'name' in hl or 'galaxy' in hl:
            col.setdefault('name', h)
        elif hl in ['r','rad','rkpc','radius'] or 'rkpc' in hl:
            col.setdefault('r', h)
        elif 'vobs' in hl or 'vrot' in hl or 'vtot' in hl:
            col.setdefault('v_obs', h)
        elif 'verr' in hl or 'evobs' in hl or 'dv' in hl:
            col.setdefault('e_v', h)
        elif 'vbar' in hl or 'vbary' in hl:
            col.setdefault('v_bar', h)
        elif 'vgas' in hl or 'vhi' in hl:
            col.setdefault('v_gas', h)
        elif 'vdisk' in hl or 'vstar' in hl or 'vd' in hl:
            col.setdefault('v_disk', h)
        elif 'vbul' in hl or 'vb' in hl:
            col.setdefault('v_bul', h)
        elif 'vflat' in hl or 'vmax' in hl:
            col.setdefault('v_flat', h)
        elif 'hrkpc' in hl or 'rd' in hl or 'scalelength' in hl:
            col.setdefault('h_R', h)
        elif 'logm' in hl or 'mstar' in hl:
            col.setdefault('log_Mstar', h)
    print(f"  mapping: {col}")

    # 回転曲線テーブルか銀河パラメータテーブルかを判定
    has_r = 'r' in col
    has_vobs = 'v_obs' in col
    has_name = 'name' in col

    if has_r and has_vobs and has_name:
        return fit_from_rc_table(rows, col)
    elif has_name and ('v_flat' in col or 'v_obs' in col):
        return fit_from_params_table(rows, col)
    else:
        print(f"  cannot determine table type")
        return None

def fit_from_rc_table(rows, col):
    """回転曲線テーブルからg_cをフィット"""
    from collections import defaultdict

    galaxy_data = defaultdict(lambda: {"r":[], "v_obs":[], "e_v":[], "v_bar":[]})

    for row in rows:
        name = str(row.get(col['name'], ''))
        if not name:
            continue
        try:
            r = float(row[col['r']])
            v = float(row[col['v_obs']])
        except (ValueError, TypeError, KeyError):
            continue

        galaxy_data[name]["r"].append(r)
        galaxy_data[name]["v_obs"].append(v)

        # 誤差
        if 'e_v' in col and col['e_v'] in row:
            try: galaxy_data[name]["e_v"].append(float(row[col['e_v']]))
            except: galaxy_data[name]["e_v"].append(v*0.1)
        else:
            galaxy_data[name]["e_v"].append(max(v*0.1, 2.0))



        # V_bar
        vbar = None
        if 'v_bar' in col and col['v_bar'] in row:
            try: vbar = float(row[col['v_bar']])
            except: pass
        elif 'v_gas' in col and 'v_disk' in col:
            try:
                vg = float(row.get(col['v_gas'], 0))
                vd = float(row.get(col['v_disk'], 0))
                vb = float(row.get(col.get('v_bul',''), 0)) if 'v_bul' in col else 0
                vbar = np.sqrt(abs(vg)**2 + abs(vd)**2 + abs(vb)**2)
            except:
                pass

        galaxy_data[name]["v_bar"].append(vbar if vbar else None)

    print(f"  galaxies in RC table: {len(galaxy_data)}")

    # フィット
    results = []
    n_no_vbar = 0
    n_fail = 0

    for name, gd in galaxy_data.items():
        r = np.array(gd["r"])
        v_obs = np.array(gd["v_obs"])
        e_v = np.array(gd["e_v"])

        # V_bar チェック
        vbar_list = gd["v_bar"]
        if None in vbar_list or all(v is None for v in vbar_list):
            n_no_vbar += 1
            continue
        v_bar = np.array([v if v is not None else 0 for v in vbar_list])

        if len(r) &lt; 5 or np.all(v_bar == 0):
            n_no_vbar += 1
            continue

        fit = _fit_gc(r, v_obs, e_v, v_bar)
        if fit is None:
            n_fail += 1
            continue

        fit["name"] = name
        results.append(fit)

    print(f"  fit success: {len(results)}, no V_bar: {n_no_vbar}, fail: {n_fail}")
    return results

def fit_from_params_table(rows, col):
    """銀河パラメータテーブルから（1点推定でない方法で）g_cを推定"""
    # V_flat と h_R がある場合、簡易版
    results = []
    for row in rows:
        name = str(row.get(col['name'], ''))
        v_flat = None
        if 'v_flat' in col:
            try: v_flat = float(row[col['v_flat']])
            except: pass
        if v_flat is None and 'v_obs' in col:
            try: v_flat = float(row[col['v_obs']])
            except: pass

        h_R = None
        if 'h_R' in col:
            try: h_R = float(row[col['h_R']])
            except: pass

        if v_flat is None or v_flat &lt;= 10 or h_R is None or h_R &lt;= 0:
            continue

        v_si = v_flat * 1e3
        h_si = h_R * KPC_M
        G_S = v_si**2 / h_si

        results.append({
            "name": name, "V_flat": v_flat, "h_R_kpc": h_R,
            "G_Sigma0": float(G_S), "log_G_Sigma0": float(np.log10(G_S)),
            "method": "params_only",
        })

    print(f"  galaxies from params: {len(results)}")
    return results

def _fit_gc(r_kpc, v_obs, e_vobs, v_bar):
    """SPARCと同一手法のg_cフィット"""
    r_m = r_kpc * KPC_M
    v_obs_m = v_obs * 1e3
    e_m = np.maximum(e_vobs, 1.0) * 1e3
    v_bar_m = v_bar * 1e3

    valid = (r_m &gt; 0) &amp; (v_bar_m &gt; 0) &amp; (v_obs_m &gt; 0)
    if np.sum(valid) &lt; 3:
        return None

    g_N = v_bar_m[valid]**2 / r_m[valid]
    g_obs = v_obs_m[valid]**2 / r_m[valid]
    e_g = np.maximum(2*v_obs_m[valid]*e_m[valid]/r_m[valid], 1e-12)

    def chi2(log_gc):
        gc = 10**log_gc
        gp = (g_N + np.sqrt(g_N**2 + 4*gc*g_N)) / 2



        return np.sum(((g_obs - gp) / e_g)**2)

    try:
        res = minimize_scalar(chi2, bounds=(-12, -8), method='bounded')
        gc = 10**res.x
        dof = np.sum(valid) - 1
        n_out = max(3, len(v_obs)//4)
        v_flat = np.median(v_obs[-n_out:])
        vb_idx = np.argmax(np.abs(v_bar))
        h_R = max(r_kpc[vb_idx] / 2.2, 0.05)
        v_si = v_flat * 1e3
        G_S = v_si**2 / (h_R * KPC_M)

        return {
            "g_c": float(gc), "log_gc": float(np.log10(gc)),
            "gc_a0": float(gc/a0),
            "chi2_dof": float(res.fun/max(dof,1)),
            "n_points": int(np.sum(valid)),
            "V_flat": float(v_flat), "h_R_kpc": float(h_R),
            "G_Sigma0": float(G_S), "log_G_Sigma0": float(np.log10(G_S)),
            "method": "full_RC_fit",
        }
    except:
        return None

# ================================================================
# 4. SPARC重複除去・alpha検定（probes_rc_fit.pyと同一）
# ================================================================
SPARC_NAMES = {
    "NGC3198","NGC2841","NGC2403","NGC3031","NGC2903","NGC5055",
    "NGC7331","NGC6946","NGC3521","NGC4736","NGC5585","NGC4258",
    "NGC1003","NGC4395","NGC3109","NGC300","NGC55","NGC247",
    "NGC4559","NGC6503","NGC3621","NGC2976","NGC4214","NGC4449",
    "NGC925","NGC2366","NGC4163","NGC1569","NGC3738",
    "DDO154","DDO168","DDO50","DDO126","DDO133","DDO87",
    "DDO47","DDO52","DDO46","DDO43","DDO70","DDO53",
    "DDO210","DDO216","DDO101",
    "IC2574","IC1613","UGC2885","UGC128","WLM","CVNIDWA","LEOA",
}

def normalize(n):
    s = str(n).upper().replace(" ","").replace("_","").replace("-","")
    for p in ["NGC","DDO","UGC","IC"]:
        if s.startswith(p): s = p + s[len(p):].lstrip("0")
    return s

def is_sparc(name):
    return normalize(name) in {normalize(s) for s in SPARC_NAMES}

def alpha_test(gals, label=""):
    v = [g for g in gals
         if "log_gc" in g and "log_G_Sigma0" in g
         and np.isfinite(g["log_gc"]) and np.isfinite(g["log_G_Sigma0"])
         and g.get("chi2_dof",0) &lt; 10]
    N = len(v)
    if N &lt; 10: return None

    lgc = np.array([g["log_gc"] for g in v])
    lgs = np.array([g["log_G_Sigma0"] for g in v])
    A = np.vstack([np.ones(N), lgs]).T
    c, _, _, _ = np.linalg.lstsq(A, lgc, rcond=None)
    r = lgc - A@c
    s2 = np.sum(r**2)/(N-2)
    cov = s2*np.linalg.inv(A.T@A)
    se = np.sqrt(cov[1,1])
    tc = t_dist.ppf(0.975, N-2)

    p05 = 2*t_dist.sf(abs((c[1]-0.5)/se), N-2)
    p0 = 2*t_dist.sf(abs(c[1]/se), N-2)
    rho, psp = spearmanr(lgs, lgc)

    mond_rss = np.sum((lgc - np.log10(a0))**2)
    geom = 0.5*(np.log10(a0)+lgs)
    eta = np.mean(lgc - geom)
    geom_rss = np.sum((lgc - geom - eta)**2)

    z_sp = abs(c[1]-0.545)/np.sqrt(se**2+0.041**2)

    return {"label":label, "N":N, "alpha":float(c[1]), "se":float(se),
            "ci":(float(c[1]-tc*se), float(c[1]+tc*se)),
            "p05":float(p05), "p0":float(p0), "resid_std":float(np.std(r)),
            "rho":float(rho), "dAIC":float(N*np.log(geom_rss/N)+2 - N*np.log(mond_rss/N)),
            "z_sparc":float(z_sp), "intercept":float(c[0]), "eta":float(eta),
            "log_gc":lgc, "log_GS":lgs}

# ================================================================
# 5. プロット
# ================================================================
def make_plots(res, label):
    try:
        import matplotlib; matplotlib.use('Agg')
        import matplotlib.pyplot as plt
    except: return

    fig, axes = plt.subplots(1, 3, figsize=(18, 5))
    fig.suptitle(f"{label}: N={res['N']}, alpha={res['alpha']:.3f}+/-{res['se']:.3f}",
                 fontsize=13, fontweight='bold')

    ax = axes[0]
    ax.scatter(res["log_GS"], res["log_gc"], c='steelblue', s=15, alpha=0.5)
    xr = np.linspace(res["log_GS"].min()-0.3, res["log_GS"].max()+0.3, 100)
    ax.plot(xr, res["intercept"]+res["alpha"]*xr, 'r-', lw=2, label=f'alpha={res["alpha"]:.3f}')
    ax.plot(xr, 0.5*np.log10(a0)+0.5*xr+res["eta"], 'g--', lw=1.5, label='alpha=0.5')



    ax.plot(xr, np.full_like(xr,np.log10(a0)), 'k:', label='MOND')
    ax.set_xlabel('log(G*Sigma_0)'); ax.set_ylabel('log(g_c)')
    ax.legend(fontsize=9); ax.grid(True, alpha=0.3)

    ax = axes[1]
    ds = ['SPARC','LT+SPARC',label]
    als = [0.545, 0.576, res["alpha"]]
    ses = [0.041*1.96, 0.047*2.09, res["se"]*t_dist.ppf(0.975,res["N"]-2)]
    for i,(a,e,c) in enumerate(zip(als,ses,['navy','coral','steelblue'])):
        ax.errorbar(a,i,xerr=e,fmt='o',ms=10,capsize=8,color=c,elinewidth=2)
    ax.axvline(0.5,color='green',ls='--',lw=2)
    ax.set_xlabel('alpha'); ax.set_yticks(range(3)); ax.set_yticklabels(ds)
    ax.set_xlim(-0.2,1.5); ax.grid(True,alpha=0.3)

    ax = axes[2]
    r = res["log_gc"]-(res["intercept"]+res["alpha"]*res["log_GS"])
    ax.hist(r,bins=25,color='steelblue',edgecolor='white',density=True)
    ax.set_xlabel('residual [dex]'); ax.set_title(f'sigma={res["resid_std"]:.3f}')
    ax.grid(True,alpha=0.3)

    plt.tight_layout()
    (OUTDIR / f"{label.replace(' ','_')}.png").mkdir(exist_ok=True) if False else None
    plt.savefig(OUTDIR / f"{label.replace(' ','_').lower()}.png", dpi=150, bbox_inches='tight')
    print(f"  plot saved")

# ================================================================
# 6. メイン
# ================================================================
def main():
    print("=" * 70)
    print("Sofue 2016 rotation curve compilation")
    print("=" * 70)

    # VizieR取得
    print("\n--- VizieR fetch ---")
    vizier_data = fetch_sofue2016()

    # VizieR失敗ならCDS直接
    if not vizier_data:
        print("\n--- CDS direct fetch ---")
        cds_data = fetch_sofue_cds_direct()
        if cds_data:
            for fname, text in cds_data.items():
                if fname.endswith('.dat'):
                    parsed = parse_fixed_width(text)
                    if parsed:
                        vizier_data[fname] = text

    if not vizier_data:
        print("\n  全取得方法が失敗しました。")
        print("  VizieR/CDS のネットワーク状態を確認してください。")
        print("  手動ダウンロード:")
        print("    https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/PASJ/68/2")
        print("    https://cdsarc.cds.unistra.fr/ftp/J/PASJ/68/2/")

        # ローカルファイルのチェック
        local = list(OUTDIR.glob("sofue*.tsv")) + list(OUTDIR.glob("sofue*.dat"))
        if local:
            print(f"\n  ローカルファイルが見つかりました: {[f.name for f in local]}")
            for f in local:
                vizier_data[f.stem] = f.read_text(encoding='utf-8', errors='replace')
        else:
            return

    # パース・フィット
    print(f"\n--- processing {len(vizier_data)} tables ---")

    all_results = []
    for key, text in vizier_data.items():
        print(f"\n  [{key}]")
        parsed = parse_tsv(text)
        if parsed is None:
            parsed = parse_fixed_width(text)
        if parsed is None or len(parsed["rows"]) &lt; 5:
            print(f"    skip (no data)")
            continue

        gals = extract_and_fit(parsed)
        if gals:
            all_results.extend(gals)

    print(f"\n  total galaxies with g_c: {len([g for g in all_results if 'log_gc' in g])}")
    print(f"  total galaxies (params only): {len([g for g in all_results if g.get('method')=='params_only'])}")

    # RC フィットのみ抽出
    rc_fit = [g for g in all_results if g.get("method") == "full_RC_fit"]
    params_only = [g for g in all_results if g.get("method") == "params_only"]

    print(f"  full RC fit: {len(rc_fit)}")
    print(f"  params only: {len(params_only)}")

    # SPARC重複除去
    for subset, label in [(rc_fit, "Sofue RC fit"), (params_only, "Sofue params"),
                          (all_results, "Sofue all")]:
        if len(subset) &lt; 10:
            continue

        non_sparc = [g for g in subset if not is_sparc(g.get("name",""))]
        n_overlap = len(subset) - len(non_sparc)

        print(f"\n{'='*50}")
        print(f"  {label}: total={len(subset)}, SPARC overlap={n_overlap}, "
              f"independent={len(non_sparc)}")
        res = alpha_test(non_sparc, label)



        if res is None:
            if len(non_sparc) &lt; 10:
                print(f"    N={len(non_sparc)} &lt; 10, skipping")
            continue

        print(f"  alpha = {res['alpha']:.3f} +/- {res['se']:.3f}")
        print(f"  95% CI: [{res['ci'][0]:.3f}, {res['ci'][1]:.3f}]")
        print(f"  p(alpha=0.5) = {res['p05']:.4f}  "
              f"{'NOT REJECTED' if res['p05'] &gt; 0.05 else 'REJECTED'}")
        print(f"  p(MOND) = {res['p0']:.2e}")
        print(f"  sigma = {res['resid_std']:.3f} dex")
        print(f"  SPARC z = {res['z_sparc']:.2f} "
              f"({'CONSISTENT' if res['z_sparc'] &lt; 2 else 'INCONSISTENT'})")
        print(f"  dAIC = {res['dAIC']:.1f}")

        make_plots(res, label)

        # 保存
        summary = {k:v for k,v in res.items() if not isinstance(v,np.ndarray)}
        summary["n_sparc_overlap"] = n_overlap
        with open(OUTDIR / f"{label.replace(' ','_').lower()}_results.json", "w") as f:
            json.dump(summary, f, indent=2)

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()



補助ファイル

#A1. hsc_photoz_queries.sql

目的: HSC CAS用photo-z付きソース抽出クエリ（cl1/cl3/cl4/cl27）

ソースコード（121行）
-- ================================================================
-- HSC CAS クエリ: photo-z 付きソース銀河抽出
-- 全4クラスター分を個別に投入すること（CASは1クエリずつ）
-- ================================================================

-- ================================================================
-- cl1 (RA=140.450, Dec=-0.250, z=0.313)
-- 既存の3,870行は範囲が狭かったため、1度角に拡大
-- ================================================================
SELECT
    w.object_id,
    w.i_ra AS ra,
    w.i_dec AS dec,
    w.i_hsmshaperegauss_e1 AS e1,
    w.i_hsmshaperegauss_e2 AS e2,
    w.i_hsmshaperegauss_sigma AS sigma_e,
    w.i_hsmshaperegauss_resolution AS resolution,
    p.photoz_best,
    p.photoz_err68_min,
    p.photoz_err68_max
FROM
    s19a_wide.weaklensing_hsm_regauss AS w
    INNER JOIN pdr3_wide.photoz_demp AS p
        ON w.object_id = p.object_id
WHERE
    w.b_mode_mask = 1
    AND w.i_hsmshaperegauss_resolution &gt; 0.3
    AND w.i_ra BETWEEN 139.45 AND 141.45
    AND w.i_dec BETWEEN -1.25 AND 0.75
    AND p.photoz_best &gt; 0.413
    AND p.photoz_best &lt; 2.5
;
-- 保存先: cl1_sources_photoz.csv

-- ================================================================
-- cl3 (RA=139.850, Dec=0.050, z=0.319)
-- ================================================================
SELECT
    w.object_id,
    w.i_ra AS ra,
    w.i_dec AS dec,
    w.i_hsmshaperegauss_e1 AS e1,
    w.i_hsmshaperegauss_e2 AS e2,
    w.i_hsmshaperegauss_sigma AS sigma_e,
    w.i_hsmshaperegauss_resolution AS resolution,
    p.photoz_best,
    p.photoz_err68_min,
    p.photoz_err68_max
FROM
    s19a_wide.weaklensing_hsm_regauss AS w
    INNER JOIN pdr3_wide.photoz_demp AS p
        ON w.object_id = p.object_id
WHERE
    w.b_mode_mask = 1
    AND w.i_hsmshaperegauss_resolution &gt; 0.3
    AND w.i_ra BETWEEN 138.85 AND 140.85
    AND w.i_dec BETWEEN -0.95 AND 1.05
    AND p.photoz_best &gt; 0.419
    AND p.photoz_best &lt; 2.5
;
-- 保存先: cl3_sources_photoz.csv

-- ================================================================
-- cl4 (RA=141.200, Dec=-0.420, z=0.324)
-- ================================================================
SELECT
    w.object_id,
    w.i_ra AS ra,
    w.i_dec AS dec,
    w.i_hsmshaperegauss_e1 AS e1,
    w.i_hsmshaperegauss_e2 AS e2,
    w.i_hsmshaperegauss_sigma AS sigma_e,
    w.i_hsmshaperegauss_resolution AS resolution,
    p.photoz_best,
    p.photoz_err68_min,
    p.photoz_err68_max
FROM
    s19a_wide.weaklensing_hsm_regauss AS w
    INNER JOIN pdr3_wide.photoz_demp AS p
        ON w.object_id = p.object_id
WHERE
    w.b_mode_mask = 1
    AND w.i_hsmshaperegauss_resolution &gt; 0.3
    AND w.i_ra BETWEEN 140.20 AND 142.20
    AND w.i_dec BETWEEN -1.42 AND 0.58
    AND p.photoz_best &gt; 0.424
    AND p.photoz_best &lt; 2.5
;
-- 保存先: cl4_sources_photoz.csv

-- ================================================================



-- cl27 (RA=140.150, Dec=-0.580, z=0.320)
-- ================================================================
SELECT
    w.object_id,
    w.i_ra AS ra,
    w.i_dec AS dec,
    w.i_hsmshaperegauss_e1 AS e1,
    w.i_hsmshaperegauss_e2 AS e2,
    w.i_hsmshaperegauss_sigma AS sigma_e,
    w.i_hsmshaperegauss_resolution AS resolution,
    p.photoz_best,
    p.photoz_err68_min,
    p.photoz_err68_max
FROM
    s19a_wide.weaklensing_hsm_regauss AS w
    INNER JOIN pdr3_wide.photoz_demp AS p
        ON w.object_id = p.object_id
WHERE
    w.b_mode_mask = 1
    AND w.i_hsmshaperegauss_resolution &gt; 0.3
    AND w.i_ra BETWEEN 139.15 AND 141.15
    AND w.i_dec BETWEEN -1.58 AND 0.42
    AND p.photoz_best &gt; 0.420
    AND p.photoz_best &lt; 2.5
;
-- 保存先: cl27_sources_photoz.csv



#A2. catalog_crossmatch.py

目的: redMaPPer/WHL/Oguri+2018との座標照合（SDSS不調時の代替）

ソースコード（384行）
# -*- coding: utf-8 -*-
"""
redMaPPer / WHL カタログとの座標照合（SDSSサーバー不要）
=======================================================
Claude Code で実行:
  uv run --with requests --with scipy --with numpy --with pandas python catalog_crossmatch.py

VizieR から redMaPPer v6.3 (Rykoff+2014) と WHL (Wen+2012) を取得し、
HSC Y3 38候補と座標照合する。
"""

import numpy as np
import json
from pathlib import Path

OUTDIR = Path("cluster_stack")
OUTDIR.mkdir(exist_ok=True)

# ================================================================
# 1. 候補リスト読み込み
# ================================================================
def load_candidates():
    p = OUTDIR / "cluster_stack_results.json"
    if p.exists():
        with open(p) as f:
            data = json.load(f)
        if "relaxed_clusters" in data:
            return data["relaxed_clusters"]

    # cluster_stack.py のデフォルトリストから
    from cluster_stack import CLUSTER_CANDIDATES
    cands = []
    for cid, ra, dec, z_est, sgm in CLUSTER_CANDIDATES:
        cands.append({"id": cid, "ra": ra, "dec": dec,
                      "z_photo": z_est, "significance": sgm})
    cands[0]["z_spec"] = 0.313
    cands[0]["n_spec_members"] = 22
    cands[0]["sigma_v"] = 527
    return cands

# ================================================================
# 2. VizieR からカタログ取得
# ================================================================
def fetch_vizier_catalog(catalog, ra_min, ra_max, dec_min, dec_max,
                         max_rows=5000, columns=None):
    """VizieR TSV形式でカタログを取得"""
    import requests

    col_str = ""
    if columns:
        col_str = "&amp;".join(f"-out={c}" for c in columns)
        col_str = "&amp;" + col_str

    url = (f"https://vizier.cds.unistra.fr/viz-bin/asu-tsv"
           f"?-source={catalog}"
           f"&amp;-out.max={max_rows}"
           f"&amp;RAJ2000={ra_min}..{ra_max}"
           f"&amp;DEJ2000={dec_min}..{dec_max}"
           f"{col_str}")

    print(f"  VizieR: {catalog} ...")
    try:
        r = requests.get(url, timeout=60)
        if r.status_code == 200 and len(r.text) &gt; 200:
            return parse_vizier_tsv(r.text)
        print(f"    HTTP {r.status_code}, len={len(r.text)}")
    except Exception as e:
        print(f"    error: {e}")
    return None

def parse_vizier_tsv(text):
    """VizieR TSV をパースしてリストの辞書に変換"""
    lines = text.strip().split('\n')
    # ヘッダ行を探す
    header = None
    data_start = 0
    for i, line in enumerate(lines):
        if line.startswith('#') or line.startswith('-'):
            continue
        parts = line.split('\t')
        if len(parts) &gt;= 3 and not any(c.isdigit() for c in parts[0][:3]):
            header = [p.strip() for p in parts]
            data_start = i + 1
            # 区切り行をスキップ
            while data_start &lt; len(lines) and lines[data_start].startswith('-'):
                data_start += 1
            break

    if header is None:
        return None

    rows = []
    for line in lines[data_start:]:
        if line.startswith('#') or line.startswith('-') or not line.strip():
            continue
        parts = line.split('\t')



        if len(parts) &gt;= len(header):
            row = {}
            for j, h in enumerate(header):
                val = parts[j].strip()
                try:
                    row[h] = float(val)
                except ValueError:
                    row[h] = val
            rows.append(row)

    print(f"    parsed: {len(rows)} rows, cols={header[:8]}")
    return {"header": header, "rows": rows}

# ================================================================
# 3. redMaPPer (Rykoff+2014, SDSS DR8)
# ================================================================
def fetch_redmapper(ra_min, ra_max, dec_min, dec_max):
    """
    redMaPPer v6.3 クラスターカタログ
    VizieR: J/ApJ/785/104 (Rykoff et al. 2014)
    """
    result = fetch_vizier_catalog(
        "J/ApJ/785/104/redmapper",
        ra_min, ra_max, dec_min, dec_max,
        max_rows=5000,
    )
    if result is None:
        # 代替カタログ: redMaPPer v6.6 (Rykoff+2016)
        result = fetch_vizier_catalog(
            "J/ApJS/224/1/redmapper",
            ra_min, ra_max, dec_min, dec_max,
            max_rows=5000,
        )
    return result

# ================================================================
# 4. WHL (Wen, Han &amp; Liu 2012)
# ================================================================
def fetch_whl(ra_min, ra_max, dec_min, dec_max):
    """
    WHL クラスターカタログ
    VizieR: J/ApJS/199/34 (Wen, Han &amp; Liu 2012)
    or updated: J/ApJ/807/178 (Wen &amp; Han 2015)
    """
    result = fetch_vizier_catalog(
        "J/ApJS/199/34/table1",
        ra_min, ra_max, dec_min, dec_max,
        max_rows=5000,
    )
    if result is None:
        result = fetch_vizier_catalog(
            "J/ApJ/807/178/table1",
            ra_min, ra_max, dec_min, dec_max,
            max_rows=5000,
        )
    return result

# ================================================================
# 5. Oguri+2018 HSC-SSP クラスター
# ================================================================
def fetch_oguri2018(ra_min, ra_max, dec_min, dec_max):
    """
    HSC-SSP S16A クラスターカタログ
    VizieR: J/PASJ/70/S20 (Oguri et al. 2018)
    """
    return fetch_vizier_catalog(
        "J/PASJ/70/S20",
        ra_min, ra_max, dec_min, dec_max,
        max_rows=5000,
    )

# ================================================================
# 6. 座標照合
# ================================================================
def angular_separation(ra1, dec1, ra2, dec2):
    """角距離 [arcmin]"""
    d2r = np.pi / 180
    cos_d = (np.sin(dec1*d2r)*np.sin(dec2*d2r) +
             np.cos(dec1*d2r)*np.cos(dec2*d2r)*np.cos((ra1-ra2)*d2r))
    cos_d = np.clip(cos_d, -1, 1)
    return np.degrees(np.arccos(cos_d)) * 60  # arcmin

def crossmatch(candidates, catalog_rows, match_radius_arcmin=2.0,
               ra_key='RAJ2000', dec_key='DEJ2000', z_key=None,
               richness_key=None, catalog_name="catalog"):
    """
    候補リストとカタログを座標照合。
    """
    if not catalog_rows:
        return candidates, 0

    # カタログの RA/Dec キーを自動検出
    sample = catalog_rows[0]
    if ra_key not in sample:
        for k in sample:
            kl = k.lower()
            if 'ra' in kl and 'dec' not in kl:
                ra_key = k
                break
    if dec_key not in sample:



        for k in sample:
            kl = k.lower()
            if 'dec' in kl or 'de' in kl:
                dec_key = k
                break
    if z_key is None:
        for k in sample:
            kl = k.lower()
            if kl in ['z', 'zspec', 'z_spec', 'zphot', 'z_lambda', 'zl']:
                z_key = k
                break

    print(f"  {catalog_name}: ra={ra_key}, dec={dec_key}, z={z_key}")

    n_matched = 0
    for c in candidates:
        if c.get("z_spec") is not None:
            continue  # 既に確認済み

        best_dist = match_radius_arcmin
        best_match = None

        for row in catalog_rows:
            try:
                ra_cat = float(row[ra_key])
                dec_cat = float(row[dec_key])
            except (ValueError, KeyError):
                continue

            sep = angular_separation(c["ra"], c["dec"], ra_cat, dec_cat)
            if sep &lt; best_dist:
                best_dist = sep
                best_match = row

        if best_match is not None:
            z_val = None
            if z_key and z_key in best_match:
                try:
                    z_val = float(best_match[z_key])
                except ValueError:
                    pass

            richness = None
            if richness_key and richness_key in best_match:
                try:
                    richness = float(best_match[richness_key])
                except ValueError:
                    pass

            c[f"{catalog_name}_match"] = True
            c[f"{catalog_name}_sep_arcmin"] = round(best_dist, 2)
            if z_val and 0.01 &lt; z_val &lt; 2.0:
                c["z_spec"] = round(z_val, 4)
                c[f"{catalog_name}_z"] = round(z_val, 4)
            if richness:
                c[f"{catalog_name}_richness"] = richness
            n_matched += 1

    return candidates, n_matched

# ================================================================
# 7. メイン
# ================================================================
def main():
    print("=" * 70)
    print("redMaPPer / WHL / Oguri カタログ照合")
    print("=" * 70)

    # 候補読み込み
    candidates = load_candidates()
    print(f"\n  候補数: {len(candidates)}")

    # HSCフットプリントの概略範囲
    ras  = [c["ra"] for c in candidates]
    decs = [c["dec"] for c in candidates]
    ra_min, ra_max = min(ras) - 0.5, max(ras) + 0.5
    dec_min, dec_max = min(decs) - 0.5, max(decs) + 0.5
    print(f"  検索範囲: RA=[{ra_min:.1f},{ra_max:.1f}], Dec=[{dec_min:.1f},{dec_max:.1f}]")

    # カタログ取得
    catalogs = {}

    print("\n--- redMaPPer ---")
    rm = fetch_redmapper(ra_min, ra_max, dec_min, dec_max)
    if rm:
        catalogs["redMaPPer"] = rm
        candidates, n = crossmatch(candidates, rm["rows"],
                                    richness_key="lambda",
                                    catalog_name="redMaPPer")
        print(f"  照合結果: {n} マッチ")

    print("\n--- WHL ---")
    whl = fetch_whl(ra_min, ra_max, dec_min, dec_max)
    if whl:
        catalogs["WHL"] = whl
        candidates, n = crossmatch(candidates, whl["rows"],
                                    richness_key="RL",
                                    catalog_name="WHL")
        print(f"  照合結果: {n} マッチ")

    print("\n--- Oguri+2018 ---")
    oguri = fetch_oguri2018(ra_min, ra_max, dec_min, dec_max)
    if oguri:
        catalogs["Oguri2018"] = oguri



        candidates, n = crossmatch(candidates, oguri["rows"],
                                    catalog_name="Oguri2018")
        print(f"  照合結果: {n} マッチ")

    # 結果サマリー
    print(f"\n{'='*70}")
    print("照合結果サマリー")
    print(f"{'='*70}")

    n_spec = sum(1 for c in candidates if c.get("z_spec") is not None)
    print(f"\n  分光/カタログ確認済み: {n_spec} / {len(candidates)}")

    print(f"\n  {'ID':&lt;8} {'RA':&gt;8} {'Dec':&gt;8} {'z_photo':&gt;7} {'z_spec':&gt;7} "
          f"{'source':&gt;12} {'richness':&gt;8}")
    print(f"  {'-'*65}")
    for c in candidates:
        z_s = f"{c['z_spec']:.4f}" if c.get("z_spec") else "--"
        source = ""
        rich = ""
        if c.get("redMaPPer_match"):
            source = "redMaPPer"
            rich = f"{c.get('redMaPPer_richness', '--')}"
        elif c.get("WHL_match"):
            source = "WHL"
            rich = f"{c.get('WHL_richness', '--')}"
        elif c.get("Oguri2018_match"):
            source = "Oguri2018"
        elif c.get("z_spec"):
            source = "spectro"

        print(f"  {c['id']:&lt;8} {c['ra']:&gt;8.3f} {c['dec']:&gt;8.3f} "
              f"{c['z_photo']:&gt;7.3f} {z_s:&gt;7} {source:&gt;12} {rich:&gt;8}")

    # z_spec確認済みクラスターリスト
    confirmed = [c for c in candidates if c.get("z_spec") is not None]
    print(f"\n  確認済みクラスター: {len(confirmed)}")
    for c in confirmed:
        print(f"    {c['id']}: z={c['z_spec']}, "
              f"sigma_v={c.get('sigma_v', 'N/A')}")

    # 結果保存
    outpath = OUTDIR / "catalog_crossmatch_results.json"
    with open(outpath, "w") as f:
        json.dump({
            "n_candidates": len(candidates),
            "n_confirmed": len(confirmed),
            "catalogs_searched": list(catalogs.keys()),
            "candidates": candidates,
            "confirmed": confirmed,
        }, f, indent=2, default=str)
    print(f"\n  結果保存: {outpath}")

    # 次のステップ
    if len(confirmed) &gt;= 3:
        print(f"\n  -&gt; {len(confirmed)}個が確認済み。cluster_stack.py を再実行可能")
        print(f"     候補リストを cluster_candidates.json として保存すれば自動読み込み")

        # cluster_candidates.json として保存
        cand_out = OUTDIR.parent / "cluster_candidates.json"
        with open(cand_out, "w") as f:
            json.dump(candidates, f, indent=2, default=str)
        print(f"     -&gt; {cand_out} に保存済み")
    else:
        print(f"\n  -&gt; 確認済みが{len(confirmed)}個。追加照合が必要:")
        print(f"     - SDSS API 復旧後に cluster_stack.py を再実行")
        print(f"     - BOSS/GAMA 分光カタログとの照合")

    print(f"\n{'='*70}")
    print("done")
    print(f"{'='*70}")

if __name__ == "__main__":
    main()
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